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ABSTRACT
FACULTY OF PHYSICAL AND APPLIED SCIENCES
OPTOELECTRONICS RESEARCH CENTRE
Doctor of Philosophy
LIGHT-ASSISTED DOMAIN ENGINEERING, WAVEGUIDE FABRICATION,
AND MICROSTRUCTURING OF LITHIUM NIOBATE
by Charlie YongJun Ying
The thesis is focussing on the interaction of lithium niobate with UV and ultrafast laser ra-
diation to achieve 1) ferroelectric domain inversion, 2) waveguide fabrication, and 3) surface
microstructuring.
Preferential ferroelectric domain inversion has been demonstrated by ‘latent light-assisted
poling’ and ‘inhibition of poling’ using ultrafast laser irradiation at 400 nm and CW highly
absorbed UV radiation (305 244 nm) respectively. The characteristics of the resultant domains
have been experimentally investigated as a function of the fabrication conditions and a theoretical
model have been proposed to explain the experimental observations. UV radiation in the 305 nm
to 244 nm range have been used for the fabrication of optical waveguides in lithium niobate.
The waveguiding characteristics and electro-optic response of the UV written optical channel
waveguides have been investigated experimentally. Inhibition of poling and post processing has
been used for the fabrication of ridge waveguide structures with enhanced refractive index change.
Finally, a method for the fabrication of ultra-smooth lithium niobate single crystal photonic
microstructures has been proposed. The method is based on surface tension reshaping of surface
microstructures which are produced by preferential poling and subsequent etching. Whispering
gallery mode resonators have been fabricated and characterised here.Contents
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mSynopsis
While optical telecommunication has experienced rapid development in recent years enabling
extremely high transmission capacity (> 10 Tbit/s), the processing capability however remains
limited by the relatively low-capacity current electronic systems. Faster, all optical processing is
therefore required in order to improve the performance of optical telecommunication networks
of the future. Additionally, as the merits of photonic devices are now well recognised by the
industry there is an increasing demand for multi-functionality and dense integration of photonic
devices.
Lithium niobate is an optical ferroelectric crystal which is already an industrial standard having
found numerous applications in modern day photonics. This material could provide innovative
solutions for the demands of modern day information handling due to its wide range of useful
physical and optical properties. This thesis represents a step towards the identiﬁcation of ﬂexible
processing methods for the domain engineering, waveguide fabrication, and microstructuring of
lithium niobate to enable the fabrication of advanced densely integrated photonic devices.
Chap. 1 contains an introduction to ferroelectric lithium niobate crystals. The basic properties
of ferroelectric materials are outlined here: ferroelectric phase transitions and Landau theory for
the free energy density. The physical and optical properties of lithium niobate single crystals
which are relevant to this thesis are also reviewed. The introductory chapter ﬁnally contains 1)
a description of ferroelectric domain inversion in lithium niobate, 2) an outline of the available
domain engineering methods, some of which are the subject of this thesis, and 3) the relevant
domain visualisation methods.
Chap. 2 discusses the technique of ‘latent light-assisted poling’ of undoped congruent lithium
niobate (CLN). Experimental data on the relaxation of the nucleation ﬁeld following irradiation
with ultrafast laser at 400 nm are presented here. The sizes of the resultant domains were
investigated as a function of 1) intensity of laser illumination, 2) the magnitude of the applied
electric ﬁeld, and 3) the delay time between illumination and EFP. Finally, the latent light-
assisted poling dynamics were compared with the decay dynamics of photorefractive gratings
to identify the role of the photo-induced space charge distribution in the light-assisted poling
process.
Chap. 3 presents the UV laser-induced inhibition of poling in LN crystals. UV laser irradiation
of the +z polar surface of the crystal results in local suppression of poling during a subsequent
electric ﬁeld poling step. The range of UV laser wavelengths used was: 244 nm to 305 nm.
The resulting poling-inhibited domains have been investigated as a function of the fabrication
conditions. A theoretical model based on the migration of lithium ions under the inﬂuence of
xxviiSynopsis xxviii
the steep temperature gradients (due to UV absorption) and the resultant pyroelectric ﬁeld has
been developed to explain the experimental observations.
Chap. 4 contains an investigation of UV laser-induced refractive index changes in CLN crystals
and its application for the fabrication of optical channel waveguides. The waveguiding char-
acteristics and the electro-optic response of the UV written waveguides was investigated as a
function of the fabrication conditions for waveguides written with UV wavelengths ranging from
244 nm to 305 nm. The mode index and the maximum refractive index change were deduced
by analysing the mode intensity proﬁles. Finally, inhibition of poling was used to overlay an
inverted domain with the waveguide structure in order to fabricate ridge waveguide structures
after further processing with chemical etching. The poling inhibition step resulted in a further
increase of the refractive index change in the waveguides improving their performance.
Chap. 5 presents a method for the fabrication of ultra-smooth single crystal microstructures out
of CLN crystals. The method is based on surface tension reshaping as a result of preferential
surface melting of the crystal at temperatures close to but lower than the melting temperature of
the crystal. Successful fabrication of whispering gallery mode (WGM) micro-resonators has been
achieved by the surface tension reshaping of deeply etched domain-engineered microstructures.
The fabrication procedures and some initial results of optical coupling experiments are presented
here.
Finally, Chap. 6 contains a summary of suggestions for future work which is based on this thesis.
The Appx. A lists the related published papers emanating from this work.Synopsis xxix
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Introduction
1.1 Lithium niobate (LiNbO3)
Crystalline lithium niobate (LN, LiNbO3) is an artiﬁcial dielectric crystal, ﬁrst synthesised and
described in 1928 [Zachariasen 28], then reported to be ferroelectric in 1949 [Matthias 49]. The
interest in LN increased since 1965 when application of the Czochralski technique for growth of
large single crystals with good homogeneity was reported [Ballman 65, Fedulov 65], followed by
a series of papers from Bell Laboratories that ﬁrst thoroughly established the basic properties of
LN [Nassau 66a, Nassau 66b, Abrahams 66b, Abrahams 66c, Abrahams 66a]. With its numerous
properties [Weis 85] (electrooptic, piezoelectric, acoustooptic, photorefractive, pyroelectric, pho-
tovoltaic, ferroelectric, and optical nonlinearity), LN has been exploited for applications in many
areas. The development has been rapid resulting in almost a thousand publications and tons of
crystal grown each year. A number of books have been comprehensively compiled LN’s prop-
erties and processing [Wong 89, Volk 08a, Prokhorov 90, Kuz‘minov 97]. This chapter mainly
summarises the physical and optical properties of LN, particularly with respect to fabrication
and characterisation details, and also the domain engineering of LN which is one of the main
focuses of this PhD work.
1.2 Ferroelectrics
Ferroelectrics, as deﬁned by Lines and Glass [Lines 77], are substances which, in a certain range
of temperatures and isotropic pressures in the absence of an external electric ﬁeld, have a built-in
spontaneous electric polarisation Ps with unit Cm 2, that has two or more orientational states
and can be switched from one state to the other by an external electric ﬁeld.
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Any two of the orientational states of ferroelectrics are identical in their crystal structure and
diﬀer only in the direction of the electric polarisation vector. Regions with uniform polarisation in
a ferroelectric are called ferroelectric domains. A ferroelectric may comprise many such regions,
in which case it is said to have a multi-domain structure, or alternatively it can exist in a single
domain state. The plane that separates two domain regions is called domain wall.
32 point groups
hysteresis loop
non-centrosymmetric
[21 groups]
centrosymmetric
[11 groups]
non-piezoelectric
[12 groups]
piezoelectric
[20 groups]
polar
[10 groups]
non-polar
[10 groups]
non-pyroelectric
[22 groups]
pyroelectric
[10 groups]
ferroelectric non-ferroelectric
Figure 1.1: Classiﬁcation of piezoelectric, pyroelectric and ferroelectric properties in 32 point
groups. Replotted from [Gupta 07].
In general, as indicated in Fig. 1.1 of the schematic tree of the 32 classes in crystal systems
[Gupta 07], all ferroelectric materials in their ferroelectric phase are pyroelectric, piezoelectric,
and non-centrosymmetric (e.g., lack a center of inversion symmetry). The lack of inversion sym-
metry endows ferroelectrics with possible nonlinear optical responses that are odd-rank polar
tensor properties (e.g., 3rd rank: linear electro-optic eﬀect rijk and sum/diﬀerence frequency
generation dijk).
Ferroelectricy can be experimentally determined usually through the measurements of the hys-
teresis loop. A ferroelectric hysteresis loop P(E) is a measurement of the average spontaneous
polarisation in a material as a function of the applied E-ﬁeld. It originates from the energy re-
quired to move the domain walls between domains of diﬀerent polarisations and then change the
net polarisation of the ferroelectric material by altering the size of various domains [Elliott 98].
A typical hysteresis loop of congruent LN is shown in Fig. 1.2 [Gopalan 97]. It shows that the
spontaneous polarisation  Ps or +Ps is only eliminated by applying a forward Ecf or reverse Ecr
respectively, both referred to as the coercive ﬁeld Ec, at which the ferroelectric has precisely half
the switchable ferroelectric dipoles pointing in the direction of the applied ﬁeld, corresponding1 Introduction 3
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Figure 1.2: Hysteresis loops (spontaneous polarisation Ps versus applied E-ﬁeld) of congruent
LN replotted from [Gopalan 97]. (Ecf, Ecr: forward, reverse coercive ﬁeld; Eint = internal ﬁeld.)
to the point where the net polarisation is zero. A further increase of the ﬁeld magnitude reverses
the polarisation to +Ps or  Ps respectively.
Among all the ferroelectrics, LN has received intense attention due to its high value of Ps and
Curie temperature Tc as shown in Table 1.1 of a comparison with other ferroelectrics. The high
value of Ps endows LN with large nonlinear optical coeﬃcients while the high Tc ensures the
high thermal stability of the crystal.
Table 1.1: Comparison of the spontaneous polarisation Ps, Curie temperature Tc, and largest
nonlinear coeﬃcient dmax for some common ferroelectrics [Lines 77].
Crystal Ps (Ccm 2) Tc (C) dmax (pmV 1)
Lithium Niobate 71 1210 d33 =  33
Lithium Tantalate 50 665 d33 =  21
Barium Titanate 26 135 d31 = 19
Potassium Titanyl Phosphate (KTP) 20 936 d33 = 13:7
Potassium Dihydrogen Phosphate (KDP) 4.8  150 d36 = 0:43
Rochelle Salt 0.5 24  
1.2.1 Ferroelectric phase transitions and Landau theory
As the temperature is increased above the Curie temperature Tc [Lines 77], a ferroelectric un-
dergoes a phase transition from the ferroelectric state to a non-polarised paraelectric state,
characterised by a symmetric ionic conﬁguration which eﬀectively eliminates the internal dipole
moment, and therefore the spontaneous polarisation. It arises microscopically because as temper-
ature is raised the thermal vibrations of the atoms in the solid cause ﬂuctuations which overcome1 Introduction 4
the potential barrier between the two (or more) wells. When the crystal is cooled through Tc,
elastic restoring forces return the crystal structure to the ferroelectric phase, so that the cen-
ters of positive and negative charge within the unit cell no longer coincide. Hence, the higher
symmetry of the paraelectric phase is lost and the Ps recovered. As the crystal continues to cool
down from Tc, further distortion of the unit cell increases the charge separation, and hence the
values for Ps. Phase transitions can be classiﬁed as ﬁrst or second order transitions: if the phase
transition is continuous in terms of order parameter (spontaneous polarisation Ps), it is a second
order phase transition, otherwise, if discontinuous, it is then a ﬁrst order phase transition.
Macroscopic theory, Landau theory, provides a useful description of ferroelectric phase transi-
tions. Any crystal in a thermodynamic equilibrium state can be completely speciﬁed by the
values of a number of variables, e.g., temperature T, entropy S, E-ﬁeld E, polarisation P, stress
, and strain ". Usually external E-ﬁelds E and/or elastic stresses  is applied, the polarisation
and strain are regarded as ‘internal’ or dependent variables. The Landau free energy density, F,
of a ferroelectric can be expressed as a power series of the spontaneous polarisation value P as
[Kittel 04]
F(P;T;E) =  EP + g0 +
1
2
g2P2 +
1
4
g4P4 +
1
6
g6P6 +  (1.1)
where g0 is a temperature-dependent constant; g4;g6 > 0 for ferroelectrics with second-order
(continuous) phase transition such as for LN; and g2(T) varies linearly with temperature as
g2(T) = (T   Tc) with  > 0. It can be seen in Fig. 1.3(a) that if T > Tc, then g2(T) > 0, and
the free energy density F has a minimum at the origin   non-polar paraelectric phase, while on
the other hand, if T < Tc, then g2(T) < 0, the free energy density F has a minimum at a ﬁnite
polarisation P. Here, the ground state has a spontaneous polarisation and thus is a ferroelectric.
Also as can be seen in Fig. 1.3(a) the polarisation goes to zero with increasing temperature
E
P
T
T
>
c
T
T
~
c
T
T
<
c
F
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Ferro
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(a) (b)
Figure 1.3: (a): the Landau free energy density F as a function of polarisation and temperature
for a second order phase transition. (b): the hysteresis loop and the schematic pictures of the
tilted F vs. P upon applying an external E-ﬁeld E in an idealised ferroelectric; the red spots
indicate the position of polarisation.1 Introduction 5
in a continuous fashion (second-order phase transition). Upon applying an E-ﬁeld E, the two
stable states no longer have the same energy due to the electric polarisation energy  EP. The
potential wells are tilted by the E-ﬁeld as shown in Fig. 1.3(b). It is also clear that a small ﬁeld
will not necessarily immediately switch the polarisation from one direction to the other because
there is a barrier to be overcome, therefore leading to the hysteresis loop.
1.3 Crystal structure
As many optical or physical properties of LN are closely related to its lattice symmetry. The
crystal structure of LN will be discussed ﬁrst. The majority of material which is commercially
available today is grown using the Czochralski method and is lithium deﬁcient. The nonstoi-
chiometry of the congruent material, as it is called, leads to a speciﬁc defect structure which will
be discussed here as well.
1.3.1 LN crystal structure
In the ferroelectric (FE) phase, the crystal family or crystal system of LN is trigonal, meaning
that it has one threefold axis of rotation, deﬁned as the polar axis, or c-axis. With the addi-
tion of 3 mirror planes that are 60 apart and intersect at the polar axis, it is categorised as
belonging to the crystal class (point group) C3v in the Schönﬂies notation or 3m in the Hermann-
Mauguin notation [Lines 77]. Within the C3v point group, it belongs to the R3c space group
[Abrahams 66c]. Fig. 1.4 illustrates three mirror planes, mp1, mp2 and mp3 and the c-axis by
depicting a hexagonal unit cell of LN (without oxygen planes for clarity). For a hexagonal unit
cell, the +c axis is deﬁned as being directed out of the c face that becomes negatively charged
upon compression [Committe 49], while the three equivalent a-axes (a1, a2, a3) are 120 apart
and lie in a plane normal to the c-axis. According to the adopted convention, these axes are
chosen to be perpendicular to the mirror planes of symmetry [Committe 49]. The coordinate
system used to describe the physical tensor properties of trigonal LN is however a Cartesian
crystallographic x, y, z system. Fig. 1.4 also illustrates the standard convention for choosing the
principal axes within the hexagonal unit cell in LN [Nye 87a, Weis 85]: 1) the z-axis is chosen to
be parallel to the c-axis, also known as the optic axis, 2) the x-axis is chosen to coincide with any
of the equivalent a-axes, a1, a2, or a3, and then 3) the y-axis is chosen such that the system of
x-, y-, z-axes is right handed (therefore lie in a plane of mirror symmetry). When working with
tensors the x, y, z principal axes are often referred to as the x1, x2, and x3 axes, respectively.
LN is also called an oxygen octahedra ferroelectric [Gopalan 07] as the crystal structure consists
of a sequence of close-packed, face sharing, oxygen octahedra stacked along the polar axis as
shown in Fig. 1.5(b) of a LN unit cell. The oxygen octahedra are ﬁlled along the positive polar1 Introduction 6
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Figure 1.4: Hexagonal unit cell of LN indicating the 1) polar c-axis, 2) mirror planes mp1,
mp2, mp3, 3) a-axes a1, a2, a3, and 4) the corresponding Cartesian x-, y-, z-axis.
direction, +c direction (for perfect crystal structuring) in the following order [Abrahams 66c]:
lithium, niobium, vacancy,  All the oxygen octahedra in LN are distorted and their stacking
of the oxygen octahedra is in a screw-like manner [Prokhorov 90]. Fig. 1.5(a) shows the detailed
oxygen arrangement around the central metal ions for each of the six layers. It shows that
the oxygen atoms do not form columns parallel to the trigonal axis but instead are staggered
[Abrahams 66c]. Two formulae units of LN form one unit cell because of staggered oxygens that
repeat after two consecutive operations of the c-glide symmetry [Gopalan 07] as indicated in Fig.
1.5(b).
Fig. 1.5(c) is drawn perpendicular to the close-packed oxygen planes with these planes indicated
by several horizontal straight lines. The near-neighbour Li and Nb atoms are each displaced
slightly away from the octahedra centres (dashed lines) along the c-axis which is known from X-
ray and neutron structure determination and also indicated in Fig. 1.5(c): z(Nb) = 0:258 Å and
z(Li) = 0:690 Å [Abrahams 66a], with each oxygen layer separation of 2.310 Å [Prokhorov 90].
It is the ordered displacement of the cations from the symmetry positions which gives rise to
a permanent dipole moment in the crystals, and the energy barriers for ionic movement that
gives rise to the room temperature stability of this spontaneous polarisation. Each neighbouring
Li-Nb pair, acts as individual dipoles which can all be aligned either ‘up’ or ‘down’ giving rise
to two possible domain orientations.1 Introduction 7
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Figure 1.5: (b): the crystal structure of LN unit cell replotted from [Gopalan 07]. (a): the
relative arrangement of O atoms about the Li and Nb atoms in LN corresponding to the sequence
of the unit cell replotted from [Prokhorov 90]. (c): the relative positions of the Li and Nb atoms
in relation to the O planes represented by the black lines. The dashed lines represent the center
plane between two O planes.
1.3.2 Defect model for congruent LN
The nominal congruent composition of 48.45 mol% Li2O and 51.55 mol% Nb2O5 [O’Bryan 85], at
which LN single crystals grow from the melt with uniform composition, necessarily corresponds
to the presence of excess Nb atoms and empty Li sites in the crystal lattice that leads to the
formation of defects in the structure. Several diﬀerent intrinsic defect models of congruent LN
(CLN) have been proposed in the literature with some disagreement as to the precise nature of
this defect structure. They have been reviewed in detail in [Rauber 78, Schirmer 91]. The three
intrinsic (structure) charge-balanced defect models in congruent LN include (1: [Prokhorov 90];
2: [Schirmer 91, Abrahams 86]; 3: [Lerner 68, Iyi 92, Zotov 94]):
1. [Li0:9440:056]Nb[O2:9720:028]: lithium vacancies (VLi)  and oxygen vacancies (VO)2+
2. [Li0:951Nb0:049][Nb0:9610:039]O3: niobium antisites (NbLi)4+ and niobium vacancies (VNb)5 
3. [Li0:950:04Nb0:01]NbO3: niobium antisites (NbLi)4+ and lithium vacancies (VLi) 1 Introduction 8
The relative merits of each model have been discussed in [Kim 01]. Despite these diﬀering models,
defect model 3, Li site vacancy model, is commonly accepted as valid and considerations of all
defect reconstructions in LN are discussed in its framework. According to precise data from X-ray
and neutron diﬀraction [Iyi 92] only 1% of the Li sites are occupied by Nb, whereas about 4% of
the Li sites are empty (Li vacancies). This existence of a high concentration of Li vacancies in
CLN was conﬁrmed by other structure reports [Wilkinson 93, Zotov 94, Zotov 95] and nuclear
magnetic resonance (NMR) studies [Blumel 94]. It was proposed in [Ivanova 98, Yatsenko 97]
that the bulk non-stoichiometric dipolar defect complex in LN is composed of a NbLi surrounded
by three VLi in the nearest neighborhood, plus one independent VLi along the polar z direction.
Thus, the nonstoichiometry is not randomly distributed but organised as defect clusters. These
defect clusters can themselves possess a defect polarisation PD that is diﬀerent from the lattice
polarisation Ps. This defect model is also supported by X-ray and neutron diﬀuse scattering of
CLN [Zhdanov 78, Zotov 95, Ivanov 78]. Then the basic concept of bulk dipolar defect clusters
was used to explain domain stabilisation and internal ﬁelds in ferroelectrics [Arlt 88, Lambeck 77,
Warren 96, Kim 01]. Some of the conclusions will be summarised here.
The relative stabilities of various defect cluster arrangements of VLi around a NbLi have been
determined using density functional theory combined with thermodynamic calculations [Xu 10].
Fig. 1.6(b) depicts the stable defect state of one such defect cluster for an up domain in CLN
proposed in [Kim 01]. A stoichiometric lithium niobate (SLN) unit cell in Fig. 1.6(a) is shown in
comparison to the proposed stable defect states at room temperature. The defect state in (b) is
achieved by slowly cooling the crystal in a single-domain state from high temperature such that
the point defects (especially Li vacancies) have enough ionic mobility to form and then freeze
into such stable defect clusters at room temperature. The defect complex shown in Fig. 1.6(b)
certainly possesses an electrical dipole moment arising primarily along the z-axis. It has two
contributions: 1) PD1 from the NbLi antisite defect, and 2) PD2 from the relative arrangement
of the VLi around a NbLi. In a stable defect state, the two defect polarisation components are
assumed to be parallel to the lattice polarisation Ps as indicated in Fig. 1.6(b).
Upon applying an E-ﬁeld for domain reversal, NbNb moves to the opposite point of the asym-
metric position in its octahedron, LiLi and NbLi pass through the oxygen plane to the adjacent
vacant octahedron, while VLi remains at the same position due to the low ionic mobility of Li at
room temperature. Therefore, while the polarisation component of PD1 from the NbLi antisite
defect has been reversed with spontaneous polarisation Ps, that of PD2 from the VLi remains un-
inverted: the stable defect clusters in Fig. 1.6(b) (with +Ps, +PD1, +PD2) are domain reversed
and result in a domain state with frustrated defects as shown in Fig. 1.6(c) (with  Ps,  PD1,
+PD2).1 Introduction 9
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Figure 1.6: Schematics of a possible defect complex involving NbLi and VLi with its corre-
sponding free energy density vs. polarisation at the bottom, replotted from [Gopalan 07]. (a):
a stoichiometric crystal with no defects. (b): a defect dipole complex in its low-energy conﬁgu-
ration. Upon polarisation reversal, state b become state c in which the dipole is in a frustrated
state. State c will relax to state d after annealing at > 150C, which allows diﬀusion of VLi. The
defect polarisation PD1 and PD2 shown in (b-d) are from the NbLi antisite defect and from the
relative arrangement of the VLi around a NbLi respectively. The oxygen planes are represented
by red triangles.
The frustrated state is not stable. However, by heating above 150C, Li ions are activated
[Gopalan 00, Bergmann 68] and therefore Li vacancies can be rearranged according to the in-
verted lattice and lead to the energy-favourable stable state of a down domain in Fig. 1.6(d).
The energy diagram at the bottom of Fig. 1.6(b-d) represents the free energy density of the
lattice polarisation, including the interaction energy resulting from the interaction between defect
polarisation (PD1, PD2) and bulk lattice polarisation (Ps) to the total lattice energy. For a ﬁrst
order ferroelectric phase transition, the free energy density F in a ferroelectric state can be
modiﬁed from Eq. 1.2 as shown in [Cross 87]
F(P;T;E) =  EP + g0  
1
2
jg2jP2 +
1
4
jg4jP4   EDP (1.2)
where ED is the eﬀective defect ﬁeld. Note that the above equation is applicable near the sponta-
neous lattice polarisation +/ Ps states at the minimum energy only. Comparing the free energy1 Introduction 10
density of a stable defect in Fig. 1.6(b) to that in (a) of a perfect lattice, the +Ps lattice polar-
isation state (indicated by ") is stabilised by the defect polarisation by an amount of w+ per
defect dipole with respect to the  Ps state. If all the defect dipoles are aligned parallel to the
+Ps direction in Fig. 1.6(b), then the magnitude of the defect ﬁeld ED for the stable state in (b),
which also has two components ED1 and ED2 corresponding to the two of defect polarisations,
is given by [Arlt 88]
ED1 + ED2 = ED(stable) =
Nw+
2Ps
(1.3)
where N is total number of defect dipoles per unit volume. Similar approach can be applied for
the frustrated state in Fig. 1.6(c) so that
ED1   ED2 = ED(frustrated) =
Nw 
2Ps
(1.4)
‘ ’ is applied in Eq. 1.4 as the two components of defect polarisation,  PD1 and +PD2, are
in opposite direction as shown in Fig. 1.6(c). Note that the eﬀective defect ﬁelds ED of stable
and frustrated states in Eq. 1.3 and 1.4 are not equal, a direct consequence of the uninverted
frustrated defect dipole component +PD2 related to VLi in Fig. 1.6(b,c). The threshold coercive
ﬁeld Ec can be written as Ec = ED + Eitrs, where Eitrs  [F(0)   F(Ps)]=Ps deduced from Eq.
1.2 is the intrinsic threshold coercive ﬁeld of exactly stoichiometric LN with no defects present.
Thus, it can be expected and experimentally observed that reversal back from state in Fig. 1.6(c)
to that in (b), called reverse poling, requires a diﬀerent coercive ﬁeld of Ecr due to the diﬀerent
value of ED in Eq. 1.4 compared to that in Eq. 1.3 for forward poling. Thus, this diﬀerence
between the two coercive ﬁelds reﬂects an internal ﬁeld Eint  (Ecf  Ecr)=2 as the oﬀset in the
hysteresis loop in Fig. 1.2. Assuming that the magnitude of the intrinsic threshold coercive ﬁeld,
Eitrs, does not change between domain state in Fig. 1.6(b) and (c), the internal ﬁeld Eint, can
be deduced from Eq. 1.3 and 1.4 as [Gopalan 07, Kim 01]
Eint = ED2 
N(w+   w )
4Ps
(1.5)
It reveals that the internal ﬁeld Eint is actually the eﬀective defect ﬁeld ED2, originating from
the VLi-related uninverted frustrated defect dipole component +PD2, and the magnitude of
Eint clearly depends linearly on the density of defect dipoles which is experimentally observed
[Gopalan 00]. Some experimental studies suggested that the eﬀect of the nonstoichiometric defect
clusters, especially surface NbLi [Yan 06], leads to the coercive ﬁeld by enhancing the pinning
of domain wall motion [Kim 01]. Macroscale domain nucleation and growth have been studied
in real time via electro-optic imaging microscopy [Gopalan 00, Gopalan 99a]. In CLN, it was
observed that local but pinned domain wall motion can occur on a micrometer scale under E-
ﬁelds that are well below the coercive ﬁeld of 21 kVmm 1 [Yang 99, Agronin 06]. The coercive
ﬁelds can then be considered as the ﬁelds at which a pinning-depinning transition occurs.1 Introduction 11
The size of defect clusters is restricted to  11:4 Å (about four cation sites), while the average
spacing between defect clusters along the chains is estimated to be  76 Å [Zotov 95]. The
temperature dependence of diﬀuse X-ray streaks suggests that at low temperatures, the lateral
correlations between defect clusters become quite substantial. With increasing temperature,
these correlations decrease, resulting in more random 1D disorder [Zotov 95]. The changes in the
threshold coercive and internal ﬁelds with temperature [Battle 00] also point to the breaking up
of the 3D clusters with heating followed by reformation of the defect dipole in an energetically
favourable orientation upon cooling down to room temperature.
It’s necessary to mention again that the defect and internal electric ﬁelds are not to be thought of
as actual electric ﬁelds, but as energy equivalents to the diﬀerences in the energy levels between
diﬀerent states. These energy diﬀerences can include not only electro-static energy diﬀerences
but elastic energy diﬀerences as well due to lattice distortions. The electrical dipoles associated
with defect complexes can therefore also have elastic dipole components [Arlt 88].
1.4 Linear optical properties
1.4.1 Transmission and absorption
LN has a wide transparency window over the visible part of the spectrum which makes it a
very useful optical material. The transparency region starts in the ultraviolet at  350 nm and
reaches the infrared (IR)  5 m [Rauber 78]. The transmission curve is extremely ﬂat over this
wavelength [μm]
transmission %
OH absorption
two Fresnel reflections
Figure 1.7: Optical transmission spectrum of LN, replotted after [Prokhorov 90]. The maxi-
mum transmission that is  70% is limited by the two Fresnel reﬂections. OH-absorption band
at 2870 nm is also indicated by the arrow.1 Introduction 12
range with the only appreciable dip occurring at 2870 nm due to the presence of OH-groups
within the crystal. A typical transmission curve of undoped congruent LN is shown in Fig. 1.7
[Prokhorov 90]. Beyond the transparency region of IR, there is a region of absorption peaks due
to lattice vibrations up to about 60 m, corresponding to the extensive phonon absorption band.
The electronic band structure of LN around the Fermi level is determined mainly by the NbO6
octahedra since the upper level of the valence band is formed by the oxygen 2p states (O electron
conﬁguration = 1s22s22p4) and the lower level of the conduction band is formed by the niobium
4d states (Nb electron conﬁguration = 5s14d4). The band gap of LN is around 3:7   3:9 eV
[Prokhorov 90]. The optical properties of LN in the UV region have been studied by Mamedov
et al. [Mamedov 85] for photon energies between 0 and 35 eV. The absorption coeﬃcients (at
room temperature) of LN at wavelengths which are used in the work presented here are listed
in Table 1.2.
Table 1.2: The absorption coeﬃcients , and absorption depths  1, of undoped CLN for the
UV wavelengths ( = 244;300;302;305 nm) at room temperature.
 (nm)  (m 1)  1 (m) Reference
244 3  107 0.033 [Mamedov 84]
300.3 9:55  104 10.47 [Redﬁeld 74]
302.4 6:61  104 15.14 [Redﬁeld 74]
305.5 3:71  104 26.98 [Redﬁeld 74]
1.4.2 Refractive index
Since almost all waveguide formation methods rely in some way on the variation of the refractive
index with the composition and also certain applications depend on the refractive indices, a
precise description of the refractive indices of LN is required. LN is a negatively birefringent
uniaxial crystal. A polarisation parallel to the optic axis sees an extraordinary refractive index
(ne) and a polarisation perpendicular to the optic axis sees an ordinary refractive index (no).
As the ordinary refractive index is larger than the extraordinary refractive index, ne < no, the
crystal is said to be negative uniaxial. The birefringence of lithium niobate is relatively large
(no   ne = 0:1 typically).
The refractive indices of LN were thoroughly studied by Schlarb and Betzler [Schlarb 93], who
carefully measured both the ordinary (no) and extra ordinary (ne) refractive index of LN in the
composition range from 47 to 50 mol% Li2O over a wavelength range from 400 to 1200 nm, and a
temperature range of 50 600 K. The authors then proposed a Sellmeier equation for refractive
index as [Schlarb 93]
n2
i =
50 + cLi
100
A0;i
(0;i + 0;iF) 2    2 +
50   cLi
100
A1;i
(1;i + 1;iF) 2    2   AIR;i2 + AUV (1.6)1 Introduction 13
F = f(T)   f(T0)
f(T) = (T + 273)2 + 4:0238  105

coth

261:6
T + 273

  1

where cLi is the mol% of Li2O;  is the wavelength in nm in vacuum; ‘i’ = ‘e’ or ‘o’; T is
the temperature in C; and reference temperature T0 = 24:5C. The above general Sellmeier
equation is only valid from the far infrared up to the UV region. The values of all parameters
are given in Table 1.3. Fig. 1.8, as the refractive index calculated from the Sellmeier equation,
Table 1.3: Parameters of the generalised Sellmeier equation Eq. 1.6 [Schlarb 93].
no ne
A0;o = 4:5312  10 5 A0;e = 3:9466  10 5
0;o = 223:219 0;e = 218:203
A1;o = 2:7322  10 5 A1;e = 8:3140  10 5
1;o = 260:26 1;e = 250:847
AIR;o = 3:6340  10 8 AIR;e = 3:0998  10 8
AUV = 2:6613 AUV = 2:6613
0;o = 2:1203  10 6 0;e = 7:5187  10 6
1;o =  1:8275  10 4 1;e =  3:8043  10 5
shows the dispersion of ne and no of CLN (e.g., at 633 nm and 1550 nm), and also reveals (e.g.,
at 1050 nm) that unlike the ordinary index no, the extraordinary index ne strongly depends on
the stoichiometry of the crystal. Speciﬁcally, ne increases as Li2O is removed from the crystal
but no is practically unaﬀected [Carruthers 71]: for (Li2O)v(Nb2O5)1 v, dne/dv =  1:6 in the
0:48 < v < 0:50 range.
wavelength [nm]
refractive index no – ne
0.086
no – ne
0.076
ne(CLN) – ne(SLN)
0.01
Figure 1.8: Extra-ordinary and ordinary refractive indices for congruent and stoichiometric
LN, replotted from [Wellington 07a, Schlarb 93]. Birefringence values at 633 nm and 1550 nm
of CLN, and ne diﬀerence of CLN and SLN crystal at 1050 nm are indicated.1 Introduction 14
1.5 Nonlinear optical properties
1.5.1 Second order nonlinear susceptibility
If the electrons are in an eﬀective anharmonic potential as in a dipolar bond, polarisation of the
electrons for a speciﬁc frequency !0 will be nonlinear as
P!0;i = P
(1)
!0;i + P
(2)
!0;i i = 1;2;3 (1.7)
P
(1)
!0;i = 0
(1)
ij ( !0;!0)E!0;j i;j = 1;2;3
P
(2)
!0;i = 20K ( !0;!1;!2)dijk ( !0;!1;!2)E!1;jE!2;k i;j;k = 1;2;3
!1 + !2 = !0
K ( !0;!1;!2) = 2l+m 2p
where P
(1)
!0;i is the linear polarisation component with linear susceptibility of ij; P
(2)
!0;i is the
second order or quadratic nonlinearity with second order nonlinear susceptibility tensor of dijk;
!1;!2 are the frequencies components; p is the number of distinct permutations of !1;!2; m is
the number of zero frequencies for !1;!2 (i.e., DC ﬁeld); l = 1 if !0 6= 0, otherwise l = 0; and
0 is the permittivity of free space. The Kleinman symmetry rule is applied: as long as there is
no strong dispersion between the wavelengths of the mixing ﬁelds, all terms dijk which result
from rearrangement of the subscripts j;k are equal based upon intrinsic permutation symmetry
arguments [Boyd 92]. Thus the dijk tensor can be described by a contracted notation expressed
using two indices dil, with l deﬁned as in Table 1.4, permitting the convenient rearrangement of
the third-order tensor into a 3  6 two-dimensional matrix.
Table 1.4: Deﬁnition of the contracted notation.
jk: 11 22 33 23;32 31;13 12;21
l: 1 2 3 4 5 6
Therefore, taking into account the symmetry of point group 3m of LN, the second order nonlinear
polarisation response can be expressed in matrix form as
2
6
6
4
P
(2)
!0;1
P
(2)
!0;2
P
(2)
!0;3
3
7
7
5 = 20K
2
6
6
4
d15  d22
 d22 d22 d15
d31 d31 d33
3
7
7
5
2
6
6 6
6 6
6 6
6 6
6
4
E!1;1E!2;1
E!1;2E!2;2
E!1;3E!2;3
E!1;2E!2;3 + E!2;2E!1;3
E!1;1E!2;3 + E!2;1E!1;3
E!1;1E!2;2 + E!2;1E!1;2
3
7
7 7
7 7
7 7
7
7 7
5
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The nonvanishing dil tensor elements of LN are presented in Table 1.5 and their values depend on
the frequencies involved. From Maxwell equation, it can be derived that the induced polarisation
P
(2)
!0;i oscillating at !0 can radiate a free wave also at frequency !0 via
r  r  E!0 =
!2
0
c2 r;!0E!0 + !2
00P(2)
!0 (1.9)
r;!0 = 1 + (1)( !0;!0)
where 0 is the permeability of vacuum; r;!0 is the relative permittivity tensor at !0; and
1 is the unit dyadic. As the new frequency !0 can be generated from !1 and !2, a number
of nonlinear optical eﬀects are observed as a result of this second order interaction, i.e., sum
frequency generation (SFG), second harmonic generation (SHG), parametric ampliﬁcation, and
optical parametric generation (OPG).
Table 1.5: The nonvanishing dil tensor elements (pmV 1) of lithium niobate measured at
1.064 m [Yariv 85].
d31 d33 d22 Reference
 5:95  34:4 4.08 [Yariv 85]
 5:8  33 2.8 [Prokhorov 90]
 5:95  34:4 2.5 [Choy 76, Pruneri 96]
 4:3  27 2.1 [Roberts 92]
1.5.2 Quasi-phase matching
From Eq. 1.8, it obviously shows that with E!1;i and E!2;i having wavevectors of k1 and k2
respectively, the fronts of constant phase of induced polarisation P
(2)
!0;i will move through the
medium with wavevector of k1 +k2 and phase velocity of !0=k1 +k2, giving rise to the idea of a
polarisation ‘wave’. The radiated electric wave with frequency !0, on the other hand, travels with
a phase velocity of !0=k0. If k0 6= k1 + k2, then the polarisation wave and electric wave do not
remain in phase synchronism which is general due to dispersion. If the wavevector mismatch k =
k0  k2  k1 6= 0 is left uncorrected, as the beams propagate through the crystal their phase will
become increasingly mismatched, resulting in less eﬃcient frequency conversion, until eventually
the beams will start to destructively interfere. Fortunately, quasi-phase matching (QPM) ﬁrst
proposed by Armstrong et al. [Armstrong 62] has been developed to achieve eﬃcient frequency
conversion in 1962. An overview of quasi-phase-matching (QPM) is provided in [Byer 97].
The coherence length is deﬁned as the distance over which a relative  phase shift is experienced
between the induced polarisation wave and the radiated electric wave [Fejer 92]
lc =

k
(1.10)1 Introduction 16
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Figure 1.9: Comparison of relative phase-matching eﬃciencies for non-phase matching (NPM),
perfect phase matching (PPM) and quasi-phase matching (QPM). The arrows indicate the
direction of the spontaneous polarisation.
As shown in the non-phase matching (NPM) trace in Fig. 1.9 the power of !0 oscillates sinu-
soidally with the distance traveled through the nonlinear crystal: it oscillates at a period of
2lc with the ﬁrst lc showing increasing power and the second lc, decreasing power. Quasi-phase
matching (QPM) referred to the alternating sign of dil in Eq. 1.8 at every lc which can introduce
a  phase in the next lc length for the induced polarisation, therefore also the newly radiated
light at frequency !0. Thus, it enables monotonically building up of the power at !0 as shown in
Fig. 1.9 of the QPM trace. In terms of momentum conversion, QPM introduces into the material
a grating vector Kg = 2=g, where g = 2lc is the grating period, and the phase-matching
condition becomes k = k0   k2   k1   Kg = 0
1.6 Electrical conductivity
Conductivity from room temperature to 1000C
The origin of the dark conductivity in as-grown, undoped or low iron doped LN at tempera-
ture < 1000C has been the subject of extensive investigation. The determination was made
by [Bollmann 77], where a proportional relationship between the hydrogen concentration and
the conductivity was demonstrated in LN at temperatures from 400C to 1000C which was
later supported in [Klauer 92, Schmidt 89]. Hence, the dominant protonic conductivity in LN
has been veriﬁed for both at elevated and room temperature. The thermally activated charge
transport obeys an Arrhenius-type dependence on the temperature with the conductivity  given1 Introduction 17
by [Klauer 92]
 = 0 exp

 
"act
kBT

=
Ncq2D0
kBT
exp

 
"act
kBT

(1.11)
where "act is the activation energy; kB is the Boltzmann constant; T is the temperature; Nc
is the concentration of charge carriers; and D0 is the pre-exponential diﬀusion constant. The
activation energy of protons has been measured to be 1.23 eV and 1.17 eV for undoped and
Fe-doped congruent LN respectively, and diﬀusion of protons was suggested to be accomplished
by jumping to the nearest O2  ion from its previous bound position [Klauer 92]. In spite of the
solid conclusion of protons as contributing to the conductivity of the crystal, recent publications
reveal diverse opinions about the origin of the ionic conductivity. While some still support the
proton transport as being responsible for the ionic conductivity via observing the dependence of
conductivity on the proton concentration [de Miguel-Sanz 02, Yang 01], others believe that Li
ions are responsible for the ionic conductivity. The data shown in [Brands 08] points to Li+ as
the moving ions: on the one hand a 20% smaller activation energy was measured in stoichiomet-
ric LN compared with CLN, which has a diﬀerent Li concentration, and on the other hand no
strong dependence of the conductivity on the hydrogen concentration was observed, which varied
by a factor of 50 in the crystals used. This point was further supported by [Basun 08] where
it was shown that the dark conductivity remains fairly constant for samples with considerably
diﬀerent H+ concentration. The activation energy and the relevant positive ion together with the
investigated temperature range and crystal type are listed in Table 1.6. Electrical conductivity
Table 1.6: Activation energy "act and identiﬁed conductive ions (C. I.) for various iron doping
of CLN crystals within the investigated temperature T.
T (C) Fe-doping Treatment C. I. "act (eV) Reference
80   600 undoped as-grown H 1.23 [Klauer 92]
80   600 660 ppm as-grown H 1.17 [Klauer 92]
80   115 0.1 mol% as-grown H 0.95 [de Miguel-Sanz 02]
50   91 0.1 mol% oxidised H 0.95 [de Miguel-Sanz 02]
72   182 0.05 wt% Fe2O3 H-reduced H 1 [Yang 01]
30   144 0.05 wt% Fe2O3 H-enhanced H 0.97 [Yang 01]
97   227 0.05 mol% as-grown Li 1.11 [Basun 08]
97   227 0.05 mol% oxidised Li 1.11 [Basun 08]
170   700 undoped as-grown Li 1.2 [Brands 08]
460   620 undoped dried   x;z: 1.24 [Niitsu 04]
300   700 undoped as-grown   z: 0.9, x: 0.87 [Chen 07]
  = unidentiﬁed
x=z: = along x=z
has been measured along diﬀerent axes of the x and z crystallographic axes in the temperature
range of 460   620C, using the AC impedance spectroscopy technique [Niitsu 04]. It was re-
vealed that although no diﬀerence in the activation energy of conduction was found, a slight but1 Introduction 18
unequivocal diﬀerence in electrical conductivity (about 0.16 on a log scale with z > x) was
observed between the two axes.
Conductivity above 1000C
The conductivity above 1000C has been studied in [Mehta 91]. The high temperature equilib-
rium conductivity (950   1050C) of CLN can be resolved into two components: an electronic
part that is dependent on the oxygen partial pressure and an ionic part that is pressure inde-
pendent. It revealed that at low O2 pressure, electronic conductivity dominates the electrical
conductivity, while at high O2 pressure, the electrical conductivity originates mostly from ionic
conductivity. It accords with the early study that the electrical conductivity is completely ionic
at 1 atm of oxygen pressure and 1000 K, while for low partial pressure the electrical conductivity
(at 1000 K) becomes completely electronic [Jorgensen 69]. It was concluded from the compar-
ison of Li ion diﬀusion and electrical conductivity measurements that the ionic conductivity
is determined solely by Li ions [Ptashnik 85]. From the temperature dependence of the ionic
conductivity, the activation energy for the Li ionic transport is obtained as 1.43 eV (later cor-
rected in [Birnie 93] as 1.55 eV). Possible diﬀusion paths of Li ions in LN have been discussed in
[Birnie 93]. It suggests that the Li ion motion requires a free Li vacancy close to the substitution
site (regardless of temperature).
1.7 Photovoltaic eﬀect
The bulk photovoltaic eﬀect (BPVE) is manifested as a short-circuit current through a solid that
is uniformly illuminated by sub-bandgap light [Glass 74, Glass 75, Belinicher 80, Sturman 80,
von Baltz 83] ﬁrst described by Glass et al. in 1974 [Glass 74]. From the microscopic point of
view, it can be understood as an asymmetric charge transfer process that takes place upon
photoexcitation of an electron or hole from an impurity in the material [Schlarb 95, Abdi 99,
Furukawa 00]. These charges move in a particular direction inside the crystal without the pres-
ence of an external E-ﬁeld, and thus, the displacement of these charges corresponds to a current.
This is illustrated in Fig. 1.10, which depicts bound and free eigensolutions for electron motion
in an asymmetric square well. The electron is bound at energy "1, however, when it is excited to
energy "2 it is free to move in only one direction as indicated in Fig. 1.10. Even though tunneling
may occur the probability of motion to the left is lower than motion to the right. Thus if the
asymmetry has the same sense in all equivalent defects, photoexcitation of charge carriers will
result in a photocurrent. A more thorough treatment is given in [Lines 77].1 Introduction 19
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Figure 1.10: Asymmetric quantum well with bound and free eigensolutions to Schrödinger’s
equation replotted from [Glass 74].
The tensor relationship between the short-circuit photovoltaic current density and the illumina-
tion can be described by the following linear expression [Sturman 92]:
jpv;i = ijkeje
kI i;j;k = 1;2;3 (1.12)
where jpv;i is the vector of photovoltaic current density; ijk = 
ikj is the third rank complex
photovoltaic tensor (27 elements) which is proportional to the number of dopants and their
photoexcitation cross-section; ej;e
k are unit vector components (‘’ for conjugate) of the light
polarisation; and I is the light intensity.
For linearly polarised light (referred to as linear PVE with ijk = ikj), photovoltaic current can
be derived for LN applying Neumann’s principle as [Sturman 92, Arizmendi 04]
2
6 6
4
jpv;1
jpv;2
jpv;3
3
7 7
5 = I
2
6 6
4
15  22
 22 22 15
31 31 33
3
7 7
5
2
6 6
6 6
6 6
6 6
6 6
4
e1e
1
e2e
2
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3
e2e
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2
e1e
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1
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3
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(1.13)
Thus, the bulk PVE in LN can be described by four independent coeﬃcients 15, 22, 31,
and 33. These coeﬃcients for iron-doped LN at a free-space wavelength of 500 nm are: 22 =
1:510 10 AW 1, 31 = 610 9 AW 1, and 33 = 6:810 9 AW 1 [Fridkin 79]. Festl et al.
re-conﬁrmed the tensor nature of the bulk photovoltaic eﬀect and measured tensor coeﬃcients
in both iron-doped and copper-doped LN [Festl 82]. It was revealed that the bulk photovoltaic
currents are completely determined by the number of ﬁlled impurity traps, e.g., Fe2+ or Cu+
ions. In all cases a linear dependence of the current density on the concentration of Fe2+ or Cu+1 Introduction 20
ions is observed
jpv
I
/ Fe2+;Cu+ (1.14)
As for LN, 33  31  22;15, therefore the photovoltaic current is in all cases mostly along
the z or photovoltaic axis. For this reason, most often the photovoltaic current is presented in a
scalar form as
jpv = kGI (1.15)
where  is the optical absorption coeﬃcient at the corresponding wavelength assumed to be
isotropic; and kG is the so-called Glass constant characterising the photovoltaic activity of the
given impurity in the particular lattice. The stationary photovoltaic ﬁeld Epv is expressed as
[Volk 08b]
Epv =
jpv
ph + d
(1.16)
where ph and d are photo- and dark conductivities, respectively. From Eq. 1.15 and 1.16, it is
revealed that for relatively low light intensities corresponding to ph > d and assuming the usual
dependence ph / I, the photovoltaic ﬁeld Epv saturates independently of I. The photovoltaic
current produces a charge accumulation on the end faces of the crystal or in the shadow region
outside the illuminated zone, which leads to a space-charge ﬁeld in the illuminated regions. In
steady state the photovoltaic current will be compensated by the drift current and the potential
drop caused by this space-charge ﬁeld Esc =  Epv, the value of which in single-domain LN and
LT is up to 107 Vm 1 in an open circuit [Krätzig 77]. Although no devices based directly in this
eﬀect have been proposed, it plays an important role in the photorefractive eﬀect.
1.8 Linear electro-optic eﬀect
The linear electro-optic (EO) eﬀect is a change in the refractive indices of a material caused
by the application of an E-ﬁeld. This eﬀect is widely used in the fabrication of LN optical
modulators for applications in optical telecommunications. A detailed theoretical treatment of
the eﬀect is available in [Wemple 72], but a brief outline will be presented here.
A description of the electro-optic eﬀect can be given using the ‘index ellipsoid’. In optics, an
index ellipsoid is a diagram of an ellipsoid that depicts the orientation and relative magnitude
of refractive indices in a crystal. The general index ellipsoid is deﬁned by the relation [Nye 87a]:
ijninj = 1 i;j = 1;2;3 (1.17)
n2 = n2
i i = 1;2;31 Introduction 21
where ij is the dielectric impermeability tensor being inverse to the relative static permittivity
tensor: ij = 1=r;ij = 0=ij; n is the refractive index; and ni;nj are the components (projections)
of refractive index n along the ith;jth axis.
When an E-ﬁeld E is applied to a crystal, a corresponding change in the refractive index oc-
curs. Mathematically, the linear electro-optic eﬀect is represented as a deformation of the index
ellipsoid, expressed as changes in the constants of the index ellipsoid ij:
ij(E)   ij(0) = ij(E) = rijkEk i;j;k = 1;2;3 (1.18)
where rijk is the linear (Pockels eﬀect) electro-optic coeﬃcients of a third rank tensor with units
of mV 1. Eq. 1.18 is applicable under the inﬂuence of an applied constant or low-frequency
(< optical frequencies) E-ﬁeld. It should be mentioned that in applications of EO materials,
where the applied E-ﬁeld is small compared to the intra-atomic E-ﬁeld, the quadratic EO eﬀect
(Kerr eﬀect) is very small and can be neglected as compared with the linear term, i.e., no
quadratic EO eﬀect is observed for E-ﬁelds of up to 65 kVmm 1 in LN [Luennemann 03].
Using the properties of the index ellipsoid, it can be shown that ij = ji, thus ij = ji. As
a result, the linear EO eﬀect can be expressed in matrix form. Setting the crystal axis of LN
to the index ellipsoid and applying Neumann’s principle to the 3m point group, the linear EO
eﬀect of LN in matrix from is deduced to be
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(1.19)
Thus, the linear EO eﬀect in LN can be described by four independent coeﬃcients, r13(= r23),
r22(=  r12 =  r61), r33 and r51(= r42). The measured values of these coeﬃcients are listed
in Table 1.7 and depend on the mechanical constraints imposed on the crystal: clamped or
unclamped case corresponds to the high and low frequency E-ﬁeld respectively. For a speciﬁc
linear polarisation of light along unit vector of ^ e = (e1;e2;e3) which also deﬁnes the direction
Table 1.7: High- and low-frequency values for the electrooptic coeﬃcients of LN: ril, with unit
of 10 12 mV 1 at  = 0:63 m [Yariv 85].
r22 r33 r13 r51
high frequency = 50   86 Mcs 1 3.4 30.8 8.6 28
low frequency 6.8 30.9 9.6 32.61 Introduction 22
of refraction index in the index ellipsoid (n1;n2;n3 = ne1;ne2;ne3), its corresponding refractive
index can be derived from Eq. 1.17 as ijeiej = n 2(0) with no E-ﬁeld, and [ij +ij(E)]eiej =
n 2(E) with an E-ﬁeld applied, thus,
n 2(E)   n 2(0) =  2n 3n(E) = ij(E)eiej i;j = 1;2;3 (1.20)
derives the refractive index change n(E) due to the E-ﬁeld.
The largest and most useful linear electro-optic coeﬃcient in LN is the r33 component (Table
1.7). An external E-ﬁeld in the z-direction gives rise to a change in the extraordinary index
ne, as well as a change in the ordinary refractive index no. The applied E-ﬁeld E3 modify the
ellipsoid Eq. 1.20 to read,
  2n 3n(E3) = (r13e2
1 + r13e2
2 + r33e2
3)E3 (1.21)
As no cross-terms are involved, the principle axes are not changed. For the refractive index along
the three principle axes: n1 (no), n2 (no), and n3 (ne), they correspond to unit light polarisation
of ^ e = (e1;e2;e3) = (1;0;0);(0;1;0);(0;0;1) respectively, thus, substitution into Eq. 1.21 obtains
no(E3) =  
1
2
n3
or13E3 (1.22)
ne(E3) =  
1
2
n3
er33E3
The modiﬁed ellipse is shown in Fig. 1.11 with E-ﬁeld of opposite directions.
no + δno
ne + δne
no – δno
ne – δne
E3 E3
Figure 1.11: LN crystal ellipsoid (black) and its modiﬁed (grey) size by the action of an applied
ﬁeld along z-axis in opposite directions replotted from [Frejlich 07].1 Introduction 23
1.9 Photorefractive eﬀect
The photorefractive (PR) eﬀect is a non-instantaneous, non-local, light induced change to the re-
fractive index n that persists for some time after the illumination has been removed [Günter 88].
It was ﬁrst discovered in 1966 by Ashkin et al. [Ashkin 66] as a light-induced refractive-index
change in LN, known as optical damage. Later, Chen et al. [Chen 68, Chen 69] successfully
utilised the refractive-index changes for the storage of volume phase holograms leading to the
term photorefractive eﬀect. The magnitude of n which can vary from 10 6 to 10 3 depends on
the laser radiation intensity (10 1   103 Wcm 2) and its ﬂuence (1   103 Jcm 2). This refrac-
tive index change is reversible and has a dark relaxation time ranging from 10 4 s to several
years, depending on the temperature of the crystal and the impurity concentration [Wong 89].
However, homogeneous illumination can assist relaxation by allowing photoexcited charges to
erase the index modulation.
The origin of the photorefractive eﬀect has been discussed in detail in [Buse 97, Günter 06,
Günter 07a, Günter 07b]. An outline of the photorefractive recording is presented here.
1. I(r) ! Nc(r): inhomogeneous illumination with intensity pattern I(r), where r is the
spatial coordinate, excites electrons into the conduction band and/or holes into the valence
band either by photo-ionisation of inter-band defects in the case of visible light, or band
to band photo-excitation in the case of UV light. The distribution of photo-excited charge
carriers is denoted by Nc(r).
2. Nc(r) ! j(r): the free-charge carriers migrate, e.g., because of drift, bulk photovoltaic
eﬀects, and diﬀusion, inducing a spatially modulated electric current with density j(r).
3. j(r) ! (r): an appreciable charge density modulation (r) is built up after charges become
trapped in regions of low light intensity.
4. (r) ! Esc(r): the resulting space-charge electric ﬁeld Esc(r) acts against further charge
transport, and ﬁnally a steady-state space charge ﬁeld is established.
5. Esc(r) ! n(r): the space-charge ﬁeld modulates the refractive index because of the linear
electrooptic eﬀect.
1.9.1 Charge transport
The charge migration, current density j(r), consists of three important contributions: 1) diﬀusion
current, 2) bulk photovoltaic currents, and 3) drift current. This section generally introduces each
of the contribution [Günter 06].1 Introduction 24
Carrier diﬀusion
When a photorefractive crystal is illuminated with spatially patterned light, this produces a
spatially patterned mobile carrier distribution. Initially the excited carrier concentration in the
regions of high intensity is higher than in regions of low intensity. Because of the spatial gradient
of the carrier density, the mobile charge carriers migrate to the regions of lower intensity. The
current density due to this diﬀusion transport jdi is given by
jdi =  qDrNc (1.23)
D = ckBT=jqj
where q = +/ e is the charge of the carrier (+/  for hole or electrons); D is the diﬀusion
coeﬃcient of the material which in general is a tensor quantity; Nc is the carrier density; and c
is the carrier mobility.
Drift
The displacement of charge carriers from their parent ions results in a spatially dependent carrier
concentration that causes a space charge ﬁeld Esc. This intrinsic electric ﬁeld and a possibly
externally applied ﬁeld Eext will add up, and create a drift current density
jdft = (Esc + Eext) (1.24)
 = d + ph = d + jqjNcc
where ;d;ph are the conductivity, dark conductivity and photoconductivity respectively.
Photovoltaic eﬀect
As discussed in Sec. 1.7, the photovoltaic current density is given by Eq. 1.15 as
jpv = kGI^ z (1.25)
where  is the absorption coeﬃcient; kG is the Glass constant; I is the incident intensity; and ^ z
is the unit vector along +z axis.
Space charge ﬁeld in steady state
The total current density can then be written as the sum of contributions from drift, diﬀusion
and the photovoltaic eﬀect:
j = jdi + jdft + jpv =  qDrNc + (Esc + Eext) + kGI^ z (1.26)1 Introduction 25
When reaching the steady-state, there is no further charge transport, thus j = 0 and the space-
charge ﬁeld Esc in the absence of external ﬁeld is derived from Eq. 1.26 as
Esc =  

kGI^ z

+
 qDrNc


=  [Epv + Edi] (1.27)
where Epv and Edi are the photovoltaic ﬁeld and diﬀusion ﬁeld respectively.
In LN the dominant charge migration mechanism is the bulk photovoltaic eﬀect [Glass 74].
However the charge migration may sometimes also be a result of diﬀusion (as in a PR grating
with small grating period). The charge distribution, thus, Esc and n, remains in the crystal
for some time even when it is not illuminated. In this case, only the crystal dark conductivity
contributes to redistribute the charge. By contrast, upon uniform illumination that provides the
photoconductivity, the charge is redistributed homogeneously after some time depending on light
intensity and incident spectrum. Consequently the refractive index change is erased.
1.9.2 Photorefractive impurities
The origin of photoexcitable charges is related to the presence of certain impurities or color
centers which can be ionised optically. In LN the most active photorefractive impurities are Fe,
Cu and Mn in two valence states: Fe2+/Fe3+, Cu+/Cu2+, and Mn2+/Mn3+ [Phillips 72] that
forms localised states in the bandgap. The origin of the photorefractive eﬀect in CLN is generally
accepted to be due to the presence of iron impurities during the growth process [Buse 97] which
are present in small concentrations even in undoped crystals, although doping is common to
increase photorefractive response.
The two diﬀerent oxidation states of iron Fe2+ and Fe3+ act as electron donor and acceptor
respectively (and/or as hole acceptor and donor respectively) that provide a means to store
charge distributions in the crystal. The Fe2+ and Fe3+ ions can be excited by absorption of
photons to produce electrons and holes respectively via:
Fe2+ + h ! Fe3+ + e (CB)
Fe3+ + h ! Fe2+ + h+(VB)
where h is Planck’s constant;  is the frequency of the incident beam; and CB, VB refer to
conduction and valence band. Whether the electrons or holes dominate the charge transport
depends on the oxidation state ratio of Fe2+/Fe3+. With ultraviolet light, for larger Fe3+ con-
centration, the excitation of holes dominates, while for larger Fe2+ concentration, the electrons
dominate [Orlowski 78]. However, for visible light electrons dominate the charge transport in
Fe:LN over the entire oxidisation/reduction range [Günter 07b]. For as-grown undoped LN, the1 Introduction 26
concentration ratio Fe2+/Fe3+ in the congruent as-grown LN crystals is usually in the range of
0:1   0:2 [Volk 08c]. And it is generally agreed that the photoexcited carriers are electrons that
come from Fe2+ impurities in LN crystals [Glass 74, Phillips 72] ( 5 ppm [Korkishko 97]) and
the photorefractive sensitivity is proportional to its Fe2+ concentration [Peterson 71].
1.10 Pyroelectric eﬀect
The Pyroelectric eﬀect refers to the relationship between the temperature change T, and spon-
taneous polarisation change P that is written as [Weis 85]
Pi = piT i = 1;2;3 (1.28)
where pi are the pyroelectric vector coeﬃcients. In LN this aﬀect is due to the movement of the
Li and Nb ions relative to the oxygen layers. Since the movement is only in a direction parallel
to the z-axis, the pyroelectric tensor is of the form pi = (0;0;p3). The pyroelectric coeﬃcient
p3 =  4  10 5 CK 1 m 2 for LN [Savage 66].
The relaxation time of the depolarising ﬁeld due to bulk conductivity is about 2 h at 80C
[Prokhorov 90]. It implies an accumulation of charges on the +z and  z face of the crystal if the
temperature change is faster than that. The negative value of p3 indicates that upon cooling the
+z face will become more positively charged. Thus an E-ﬁeld will be set up by uncompensated
surface charges, known as the pyroelectric eﬀect. If the positive and negative crystal faces of
a z-cut sample are short-circuited, the direction of the pyroelectrically induced current can be
used to determine the polarity of the crystal.
1.11 Piezoelectric and converse piezoelectric eﬀect
Piezoelectric eﬀect
LN exhibits an induced polarisation change under applied stress referred to as piezoelectric eﬀect
and is expressed as
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where P1, P2, P3 is the induced polarisation change; dij is the piezoelectric coeﬃcients (not
to be confused with the second order susceptibility coeﬃcients in Eq. 1.8); 11, 22, 33 are the
tensile stress components (positive by convention) or compressive stress components (negative
by convention); and 32, 23, 31, 13, 21, 12 are shear stress components. Note that d15 = d24,
d22 =  d21 =  d16=2, and d31 = d32. Thus the piezoelectric eﬀect in LN can be described by
four independent coeﬃcients d15, d22, d31, and d33. Measured values for these quantities are
presented in Table 1.8 .
Table 1.8: Piezoelectric strain coeﬃcients (10 11 CN 1).
d15 d22 d31 d33 Reference
6.92 2.08  0:085 0.60 [Smith 71]
6.8 2.1  0:1 0.6 [Warner 67]
7.4 2.1  0:087 1.6 [Yamada 67]
Converse piezoelectric eﬀect
LN also exhibits a slight change in shape (strain) with an applied oriented E-ﬁeld Ei, called
the converse piezoelectric eﬀect. It can be shown through a thermodynamic argument that the
coeﬃcients connecting the induced strain and the applied E-ﬁeld are identical to those connecting
the induced polarisation and the applied stress in the direct piezoelectric eﬀect [Nye 87b]. The
converse piezoelectric eﬀect can be expressed in matrix form as
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where "11, "22, "33 are the elastic tensile strain components (positive) or compressive strain
components (negative); and "32, "23, "31, "13, "21, "12 are the elastic shear strain components.
These two eﬀects allow the transduction from mechanical energy into electrical energy and vice
versa which gives rise to many useful applications. In LN the main application of the piezoelectric
and converse-piezoelectric eﬀect has been the creation of either bulk or surface acoustic waves
(SAW) with the use of interdigital electrodes. The converse-piezoelectric eﬀect has also been
used in the detection and characterisation of ferroelectric domain structure [Jungk 06].1 Introduction 28
1.12 Domain engineering of LiNbO3
1.12.1 Introduction
Many applications of LN crystals utilise its high second-order nonlinear response, which re-
quires the inversion of the sign of the dil nonlinear coeﬃcient in Eq. 1.8, or equivalently the
spontaneous polarisation Ps, in order to achieve QPM condition. Micron/nano-scale bulk or
surface domain patterns could have applications in micro-electro-mechanical systems (MEMS)
and micro-opto-electromechanical systems (MOEMS) devices, electro-optic switches, nonlinear
optical and piezoelectric devices etc. The process to control the sign of dil is called domain engi-
neering. The section will discuss 1) the crystal structure upon domain inversion, 2) approaches
of domain engineering, and 3) domain visualisation techniques.
1.12.2 Crystal structure upon domain inversion
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niobium
lithium
vacancy
unit
cell
Ps
−z
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Figure 1.12: Cation motion during domain reversal replotted from [Gopalan 07]: 1) a small
displacement of the Nb from one asymmetric position to the other equivalent position respect to
the center of its octahedron along the z-axis within the same octahedron, and 2) a corresponding
motion of the Li from one octahedron, through the intermediate close-packed oxygen plane, to
an equivalent displacement in the adjacent vacant octahedron.
It is the position of the metallic ions in the ferroelectric phase (for LN, Li+ and Nb5+ ions) that
are responsible for the existence of the electric dipole moment. As illustrated in Fig. 1.12, in order1 Introduction 29
to invert this moment and hence change the direction of polarisation, the ions of lithium and
niobium must undergo a transition within the oxygen lattice which is 1) a small displacement of
the Nb from one asymmetric position to the other equivalent position respect to the center of its
octahedron along the z-axis within the same octahedron, and 2) a corresponding motion of the
Li from one octahedron, through the intermediate close-packed oxygen plane, to an equivalent
displacement in the adjacent vacant octahedron. The direction of motion of these cations deﬁnes
the positive end of the spontaneous polarisation, Ps. Given that there are only two permitted
directions along z (z), only two possible domain orientations can exist, Ps. The required force
for the transition is very large and can only been created using high electric ﬁelds across the
optical axis.
Inverted mirror plane z
y
x
Nb Li vacancy oxygen (lower layer) oxygen (upper layer)
Figure 1.13: A layer of LN crystal lattice (the lattice distortions have been ignored for simplic-
ity) replotted from [Valdivia 07]. The mirror plane, perpendicular to the x-axis, is indicated.
Ion heights are in the order (bottom to top): O2  (blue), Nb5+, V, Li+, O2  (purple). The
shaded region at the right bottom corner indicates an inverted domain with the order of cation
ions and vacancies reversed along the original y direction as indicated by the dashed arrows,
but remaining the same along the x direction.
To investigate the crystal structure upon domain inversion, two slices of crystal structure are
shown in Fig. 1.13 and 1.14. Fig. 1.13 is a layer of LN crystal lattice in the z-face. Right-bottom
shows a lattice layer of an inverted domain. It is revealed that looking along the original +y
direction of the virgin crystal, the order of cations and vacancies ﬁlling the oxygen octahedral
interstices changing from virgin state of {V, Nb, Li, } to domain inverted state of {Li, Nb,
V, } as indicated with the dashed arrows. The reversal of the cation order in the original1 Introduction 30
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Figure 1.14: A layer of crystal lattice of (a) virgin and (b) domain-inverted LN replotted from
[Valdivia 07]. The order of cation ions and vacancies is reversed along both y and z direction
as indicated by the dashed arrows.
+y direction is also shown as dashed arrows in a x-face slice of the crystal lattice in Fig. 1.14.
Moreover, the dashed arrows along the z-axis illustrate a reversal along the original +z direction
as well: from the virgin state of {Nb, V, Li, } to the domain inverted state of {Li, V, Nb, }.
As both these states are equivalent, the crystal exhibits two stable states. Thus, domain reversal
from +Ps to  Ps can be considered as a twofold rotation operation of the unit cell about one
of the x-axes (rotation of 180 about x-axes), and as a result, inversion occurs not only for the
z-axis but for the y-axis as well.
1.12.3 Approaches of domain engineering
Several techniques are available to realise domain inversion. The most technologically important
of ferroelectric crystals is electric-ﬁeld poling (EFP). Some of the others require the use of
high temperature, sometimes approaching the Curie point [Miyazawa 79, Qin 97, Nakamura 87,
Huang 94, Webjörn 89a, Webjörn 89b]. Some use electron beam bombardment [Haycock 86,
Keys 90], scanning electron [Yamada 91], or ion beams [Li 06]. Recent methods involve the use
of scanning force microscopy (SFM) with voltages applied on the tip and similar apparatus
[Xue 03, Rosenman 03, Tanaka 06, Mohageg 05, Lilienblum 10]. However, the thesis work here
focuses on the light-assisted poling and EFP. Both are described in this section.
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Electric ﬁeld poling
EFP is the most widely used and reliable method of domain engineering, particularly in the LN
and LT family of crystals for fabrication of periodically poled LN (PPLN). It enables the spatially
preferential domain inversion via patterned electrodes commonly deﬁned by photolithography.
The patterned electrodes can be realised in two ways. In the ﬁrst approach, shown in Fig.
1.15(a), the pattern is photolithographically transferred on to a metal layer which acts as a
patterned electrode usually insulated by a overlayer of photoresist or silica [Yamada 93], while
on the opposite face a uniform electrode is used. In the second approach, shown in Fig. 1.15(b),
photoresist is used as a patterned insulating layer with uniform liquid electrodes on both faces
[Webjörn 94]. In both instances of EFP, a positive voltage is applied to the +z face and the  z
uniform
electrode
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electrode +z
−z
(a)
uniform
liquid
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HV (b)
uniform
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+z
−z
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Figure 1.15: Electric-ﬁeld periodic poling setup using (a) metal and (b) photoresist patterning
of the electrodes on the +z and  z face, respectively, forming bulk PPLN replotted from
[Valdivia 07]. Red regions are the inverted domains.
face is typically grounded. Domain nucleation occurs at the edges of the electrodes where the E-
ﬁeld is highest [Nakamura 02]. The domain then spreads both longitudinally and laterally away
from the electrode, where the outward growth of the domain is self-terminating [Nakamura 02]
due to the exponential dependence of wall-velocity on the E-ﬁeld [Gopalan 98], which reduces
away from the electrode. However, self-assembled polystyrene spheres in the openings of the
patterned photoresist can eﬀectively add edges to the electrode throughout the region to be
poled and therefore counteract the preferential nucleation at the electrode edges [Peng 06].
EFP has been used to form high-quality PPLN, applying a single long voltage pulse (hundreds of
milliseconds) until the desired area has inverted [Yamada 93, Webjörn 94, Chen 94]. An adapta-
tion of the above technique is referred to as pulsed EFP, where multiple short-duration voltage
pulses (typically of order 1 ms) are applied to the crystal to improve the uniformity of the poled
structures. Initial voltage pulses nucleate domains on the z-faces, whereas subsequent pulses1 Introduction 32
were observed to provide faster growth along the z-axis as compared to the lateral dimensions,
thus enabling the fabrication of domains with high aspect ratio [Yamada 98, Mizuuchi 04].
The longer edges of the patterned electrodes are usually designed to be parallel to the y-axis
of the crystal. This is due to anisotropic domain propagation of domain walls, where domains
grow faster along the y direction than in the x direction [Sheng 06]. Therefore to achieve domain
patterns as loyal to the electrode pattern as possible, domains oriented with their walls along the
y-axes are preferred. This is understandable due to the tendency for inverted domains to form
hexagonal structures in LN as shown in Fig. 1.16, following the underlying threefold crystalline
symmetry. Domain patterning is not limited to periodically poled structures but also other
feature shapes including cylindrical lenses [Yamada 96].
y
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Figure 1.16: SEM image of hexagonal domains with domain wall along y-axis formed during
EFP. Domain structures were revealed by HF etching.
Optimal poling and initial nucleation were observed when the metal layers was patterned on
the +z face (or photoresist on the  z face) [Miller 98]. Metal electrodes have been observed to
reduce the measured bulk polarisation of the crystal after several poling cycles, called ferroelectric
fatigue or ageing. Using tap water, an ionic conductor, has shown no change in the polarisation
over many poling cycles [Tian 05]. The cause of the fatigue may result from the formation of
a dielectric surface layer, suppression of domain inversion by surface or volume defects, and/or
domain wall pinning. Furthermore, SFM-poling shown that nucleation on the  z face was easier
and more stable than on the +z face [Xue 03]. Therefore photoresist patterning, which also
requires fewer fabrication steps, appears to have an advantage over metal electrode patterns.
Among the advantages of the EFP method are 1) the ability for domain inversion to occur at
room temperature, 2) the use of lithographically-deﬁned patterns for fast parallel processing
intrinsically compatible with microelectronics fabrication, and 3) the ability to reliably deﬁne1 Introduction 33
regular rectangular domains with high aspect-ratios aligned along a y-axis. This technique has
led to the birth and wide-spread adoption of PPLN as the domain-engineered material ideally
suited for QPM nonlinear interactions in the infrared to visible wavelength regimes, for second
harmonic generation [Houe 95] and optical parametric processes [Myers 95].
Poling with light illumination
Illumination by a optical radiation, either near UV or in the blue-green spectral region, was
found to aﬀect the Ec value and hence domain switching. The related publications have been
summarised in the appendix of [Muir 08a]. However a brief summary of the optically assisted/in-
duced processes will be given here.
Light-assisted poling
In the majority of experiments involving light illumination, the incident light produced a tempo-
rary local reduction in the coercive ﬁeld or nucleation ﬁeld, thereby requiring a smaller E-ﬁeld
to initiate domain nucleation and sustain domain wall movement. The techniques are referred
to as light-assisted poling (LAP).
In most experiments of LAP, illumination of LN directly displays a coercive ﬁeld reduction.
Simultaneous illumination with patterned light and application of a uniform E-ﬁeld in LN pro-
duced 15 m domain periods using a mercury lamp [Fujimura 03]. The coercive and nucleation
ﬁeld reductions are 10% and 50% respectively. Using UV lines of an Ar+ laser, 8 m period of
segmented inversion points were formed [Müller 03]. A direct-write approach using a confocal
microscope with  = 488 nm light from an Ar+ laser has produced 2 m domain features in un-
doped and Er-doped LN [Dierolf 04]. LAP is very attractive for applications, because in principle
it permits recording of very ﬁne domain features (in the range of microns or even submicron)
controlled by the diameter of a focused laser beam [Dierolf 04, Sones 05b].
Direct optical poling
Light illumination has also been used to form inverted domains directly without the applica-
tion of an externally applied E-ﬁeld. Surface microdomains were fabricated in CLN crystals
under intense pulsed UV irradiation with wavelengths from 248 nm to 329 nm [Wellington 07b,
Brown 02, Mailis 03, Valdivia 05, Sones 05a, Mailis 05]. Using phase masks and a recording
wavelength  = 248 nm, regular domain patterns with a grating period of 726 nm were ob-
tained [Sones 05a]. Even under a nonpatterned light-beam the emerging microdomains tend to
self-organise and form regular patterns corresponding to the crystal point symmetry observed
on irradiated z-faces independently of their polarity [Valdivia 05] which is interestingly similar
to the patterns observed on the z cuts of Fe:LN crystals when irradiation by photoactive light
(CW 488 nm, 0:1 1 Wcm 2) and in situ chemical etching [Boyland 00]. Direct optical domain1 Introduction 34
inversion was also realised by scanning a focused CW UV laser beam at  = 244 nm on the  z
face of undoped, iron doped and titanium in-diﬀused CLN crystals [Muir 08b].
1.12.4 Domain visualisation
Some of the methods used for the visualisation of ferroelectric domain distributions have been
reviewed in [Bermúdez 00, Soergel 05]. Domain visualisation using each technique cannot guar-
antee that the observed image faithfully reﬂects the domain structure as there might be other
explanations for the observed image. Therefore, several visualisation methods must be used to
corroborate the domain-nature of the structure. The visualisation methods that were used in
the thesis work are 1) optical methods, 2) preferential HF etching, and 3) piezoresponse force
microscopy.
Optical techniques
In perfect optically uniaxial crystals, domains of opposite orientation alter the sign of the second
order nonlinear susceptibility coeﬃcient dil in Eq. 1.7, while leaving 
(1)
ij unaﬀected. Therefore,
no refractive index diﬀerence exists between ideal domains of opposite orientation and simple
microscopy should be incapable of distinguishing them. Yet, several optical methods of domain
visualisation have been demonstrated and are in common use to probe the switching process
and the domain distribution over the crystal bulk.
In real domain engineered materials, the inversion of the domain symmetry between adjacent
regions of the crystal forces a strong mechanical strain-induced birefringence in the vicinity the
nonideal (thick) domain walls due to the photoelastic eﬀect [Weis 85]
ij = pijkl"kl i;j;k;l = 1;2;3 (1.31)
where ij is the second-rank tensor describing the change in dielectric impermeability of the ma-
terial; "kl is the second-rank strain tensor; and pijkl is the fourth-rank photoelastic (strain-optic)
tensor. In congruent crystals the strain induced birefringence is as high as nB = jno;?  no;kj =
10 5   10 4 [Yang 98, Yang 99] where subscripts ? and k correspond to ordinary index, no,
perpendicular and parallel to a domain wall. However, birefringence is signiﬁcantly lower in
stoichiometric crystals, for example, approximately 10 6 in near stoichiometric LiTaO3 (LT).
Viewing these structures along the polar z-axis under crossed polarisers in an optical micro-
scope allows the visualisation of these domain walls [Gopalan 96], although this contrast can be
eliminated by subsequent annealing [Kim 05].
The inverted axis of the crystal between adjacent domains leads to the opposite sign of linear EO
coeﬃcient rijk in Eq. 1.18. Thus, if applying a uniform E-ﬁeld < Ec, additional optical contrast
can be provided [Gopalan 99b]. The refractive indices in the adjacent domains are changed1 Introduction 35
according to Eq. 1.20. However, the applicable voltage range is limited by domain re-inversion
and spreading. Using CLN or CLT, this is not a barrier to optical visualisation. However, SLN
and SLT materials are more sensitive to low voltages, placing a much lower limit on the maximum
applicable voltage and thus reducing the observable EO refractive index contrast. A combination
of the electro-optic refractive index change between the antiparallel domains under external
ﬁelds and additional contrast caused by mechanical strains at the domain walls permitted the
use of the electro-optic imaging microscope for the observation of slow domain dynamics in LN
[Gopalan 99a].
Furthermore, upon EFP poling of CLN with defect clusters from the stable state in Fig. 1.6(b)
to a frustrated state in Fig. 1.6(c), it results in an increase in the ordinary index: no =
no(frustrated)   no(stable)  1  10 3, with a step transition range of  20 m across the
wall [Kim 05]. In addition, a sharp index proﬁle kink of no  3  10 3 is also assumed to
localise at the center of the domain wall over a width  2 m [Kim 05]. ‘+’ or ‘ ’ refers to
the side of the stable state or the domain-inverted frustrated state respectively. Therefore, even
with randomly polarised white light optical microscopy, the domain walls with no can show a
weak scattering and thus appear darker than the matrix in transmission [Gopalan 99b]. It was
conﬁrmed that the contrast is nonstoichiometry related by annealing the crystal above 150C,
followed by cooling back which results in a near-complete loss of the optical contrast across the
wall. The loss of optical contrast was also found in SLN.
Chemical etching
In LN diﬀerential etching of the ferroelectric domain orientations was ﬁrst used to observe the
domain and defect structure of crystals as reported in 1966 [Nassau 66a]. A set of diﬀerent
etchants have been used including a 2:1 mixture of 30% H2O2 and NaOH at 50C, hydroﬂuoric
(HF) acid with KMnO4, and hydroﬂuoric acid with caustic potash (potassium hydroxide). More
recently, Sones et al. [Sones 02b] carried out a comprehensive study into the diﬀerential etching
rates in z-cut LN. Using the standard mixture of nitric and hydroﬂuoric acid, it was found that
the etching rate of the  z face at room temperature was  0:8 mh 1, rising to  30 mh 1
at 95C. However, there was no evidence of etching of the +z face at either of these tempera-
tures. The etch characteristics along the z direction of LN are shown schematically in Fig. 1.17,
viewed in cross-sectional proﬁle. The y-faces also exhibit a similar etch characteristic, with the
 y face etching much faster than the +y face in HF acid [Niizeki 67]. The cross-sectional proﬁle
of periodic domain structures such as PPLN is often visualised by y-face etching of an appro-
priately cut and polished crystal. The x-face, on the other hand, shows no preferential etching.
Experiments were also carried out using only HF, which was found to yield better results than
the HF/HNO3 mixture, in terms of faster etch rates (a factor of two higher) and smoothness of
the etched surface [Sones 02b]. No etching was observed using nitric acid alone. A comparison
of room-temperature etch rates in pure HF for the y and z-faces is shown in Table 1.9. Sones et1 Introduction 36
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Figure 1.17: Schematic of HF etching of LN along the z direction, viewed in cross-section. The
arrows indicate the spontaneous polarisations. The dashed lines represent the crystal surface
prior to chemical etching. Replotted from [Valdivia 07].
Table 1.9: Etching rates of LN in 48% HF acid at room temperature (mh 1).
Axis  face +face Reference
z 0.8 nil [Sones 02b]
y 0:08   0:11 0:04   0:05 [Valdivia 07]
al. [Sones 02b] also suggested that the etching mechanism is initiated by surface protonation. It
explains some of the qualitative observations that 1) diﬀerential etching   the negative face is
etched faster due to easier absorption of the positively charged proton, and 2) faster etching  
the etch rate increases with increasing concentration of acidic protons. The surface protonation
mechanism is supported by the observation that the ﬂuorine ions diﬀuse preferentially into the
positive z-face of LN crystals [Bermudez 98].
The advantages of preferential HF etching are 1) it replaces the problem of imaging domain
structures with the more conventional problem of imaging topographical features using scanning
electron microscopy (SEM), atomic force microscopy (AFM), or other surface-proﬁling methods,
and 2) it does not require complex or expensive equipment. Despite these, HF etching is a
destructive process which may limit the usefulness of the domain engineered sample for further
application.
As well as being a domain visualisation method, wet etching can be used as a method for mak-
ing microstructured devices in combination with speciﬁc domain pattern. Such devices include
alignment grooves for eﬃcient ﬁbre-pigtailing to LN modulators [Barry 98] and piezoelectrically
controlled micro-cantilevers [Sones 02a].1 Introduction 37
In the thesis work, all wet etching was performed using 48% HF acid solution at room temper-
ature with stirring, unless otherwise stated. Depending on the purpose, the etch duration could
range from just a few minutes up to days. Usually a brief HF etching for revealing domain struc-
tures refers to a  15 min etching period if not explicitly stated, while a deep HF etching can
be hours and even days to fabricate ridge structures and initial structures for high temperature
surface tension reshaping.
Piezoresponse Force Microscopy
Piezoresponse force microscopy (PFM) is an alternative method for domain visualisation that us-
ing a modiﬁed atomic force microscope (AFM) via applying an oscillating voltage to a metallised
AFM tip in contact mode. The voltage applied to a piezoelectric material causes a deformation
of the surface via the converse piezoelectric eﬀect which is detected by the AFM tip. In the last
decade, PFM has been used extensively to study ferroelectric domains. This section will focus
on 180 domain walls in LN single crystals. The bibliography on domain observations in LN by
PFM methods can be found in [Soergel 05, Scrymgeour 05, Gruverman 06].
detector
function
generator
piezo
C
feedback
lock-in
amplifier
sample
laser beam
topograph
PFM − domains
V V ac dc +
Figure 1.18: Schematic setup for the PFM replotted from [Soergel 05]. An alternating voltage
Vac cos(!t) with an optional oﬀset Vdc is applied to the conducting tip. The back side of the
sample is grounded. A contact-mode feedback is used. The domain signal is read out with a
lock-in ampliﬁer operating at the frequency of the alternating voltage that is applied to the tip.
(C = Cantilever.)
The setup of PFM is depicted schematically in Fig. 1.18. The conducting tip is electrically
contacted, and a modulated alternating voltage Vac cos(!t) with an optional oﬀset voltage Vdc
is applied
Vtip = Vdc + Vac cos(!t) (1.32)1 Introduction 38
where Vtip is the voltage applied on the tip; Vac is the amplitude of the AC voltage applied
on the tip typically of 2:5   7:5 V; ! is the angular frequency of the modulation voltage with
value 2  5   50 kHz that is much less than the cantilever resonance frequency (> 100 kHz);
and t is the time. The feedback loop is to compensate for the topographic variations in order
to maintain the constant force in contact mode, the time constant of which is large compared
to the period of modulation of the applied voltage and hence not aﬀected by the periodically
modulated movement of the cantilever. Read out of the PFM domain signal is performed with a
lock-in ampliﬁer, measuring the amplitude of the cantilever vibration and its phase with respect
to the applied modulated voltage Vac cos(!t). A PFM can generate many types of measured
data. The primary PFM signals are the amplitude A (magnitude of cantilever deﬂection), and
phase  (phase of cantilever deﬂection).
When an external E-ﬁeld E3 applied along z-axis of LN crystal, the induced strain due to
converse piezoelectric eﬀect can be deduced from Eq. 1.30 as,
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Thus, the induced surface thickness change d can be derived as
d =
R
"33 dx3 =
R
d33E3 dx3 = d33
R
E3 dx3
= d33[ Vtip] = d33[ Vdc   Vac cos(!t)] (tip on the +z face)
(1.34)
where x3 is the z-axis. It should be noted that the change in the thickness of the sample is
dependent upon the voltage and not the E-ﬁeld at the tip. This is true even for an inhomogeneous
E-ﬁeld. Fig. 1.19 illustrates the piezoresponse across the single 180 domain wall when the
PFM probe scans across the LN domain wall region from +z to  z face.  d33Vdc is the static
displacement due to a DC applied voltage Vdc across the sample. To ﬁrst order, the deformation
of the surface has the same frequency as the driving voltage Vac cos(!t). The sign of d33 is altered
for opposite domains. Fig. 1.19 schematically illustrates (a) an opposite domain structure and
applied E-ﬁeld, and (b) its corresponding surface displacement due to the E-ﬁeld. For the +z
face, the application of a positive bias Vtip on the tip (E-ﬁeld pointing into the crystal and
antiparallel to the ferroelectric polarisation Ps), results in a negative value of  d33Vtip, therefore
contraction of the sample surface through the d33 coeﬃcient and  out-of-phase with the driving
voltage Vac cos(!t). However, for the  z face of a domain, the sign of d33 is altered that leads
to a positive value of  d33Vtip, therefore an expansion of the surface and in-phase with the
driving voltage Vac cos(!t). The amplitude of piezoelectric response on both +z and  z should
be equal and the phase changes 180 for a purely electromechanical response from two 180
domains as shown in Fig. 1.19(c) and (d) respectively. Diﬀerences, if any, may arise from defects,1 Introduction 39
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Figure 1.19: Schematic piezoresponse across the single 180 domain wall in LN. (a): schematic
opposite domain structure and applied E-ﬁeld. (b): the surface displacement due to the E-ﬁeld
across the domain wall displaced in (a). (c), (d): the piezoresponse signal [both (c) amplitude
A and (d) phase ] across the domain wall. Replotted from [Tian 06].
nonstoichiometry, and other extrinsic eﬀects that may not follow the domain symmetry. At the
domain boundary the amplitude is reduced because of mechanical constraints.
The advantages of PFM are 1) high resolution of nanometres, and 2) in most case nondestructive.
It has however a limited depth resolution  1:7 m and therefore cannot diﬀerentiate between
surface and bulk domain structures.References 40
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Latent light-assisted poling of LiNbO3
2.1 Introduction
The most common domain engineering technique for LN is electric ﬁeld poling (EFP), where a
photolithographically-patterned electrode on one of the z-faces provides a spatially modulated
E-ﬁeld along the z-axis [Yamada 93, Yamada 98]. Recent research investigating the inﬂuence of
light on EFP revealed that the regions being illuminated require a lower nucleation ﬁeld, En (the
E-ﬁeld required for microscopic ferroelectric domain nucleation) in both undoped congruent LN
(CLN) and MgO-doped CLN (MgO:CLN) using CW [Wang 09, Steigerwald 09, Fujimura 03,
Sones 05, Dierolf 04, Wengler 04] and pulsed laser light [Valdivia 06] in a process referred to as
light-assisted poling (LAP). Utilising ultrafast lasers at wavelengths ranging between 305 nm
and 800 nm, LAP has been observed to produce signiﬁcant En reductions, of up to two orders
of magnitude for MgO:CLN [Valdivia 06].
In all cases of LAP reported thus far, the light illumination was concurrent with the application
of the external E-ﬁeld. In this chapter, it will be shown that in undoped CLN, the En reduction
can be observed even several hours after irradiation with ultrafast ( 150 fs) laser light at
a wavelength of 400 nm. Using this technique, called latent light-assisted poling (LLAP), the
two processes of light illumination and application of an external E-ﬁeld can be de-coupled.
Interestingly, for undoped congruent lithium niobate crystals, the En reduction in LLAP (62%)
is signiﬁcantly larger compared to that measured in simultaneous LAP (42%) under identical
irradiation conditions [Valdivia 06]. The latent eﬀect has not been observed in MgO:CLN for the
time scales employed in the experiments here, despite the strong eﬀect observed using regular
LAP [Valdivia 06]. The dependence of LAP and LLAP on the MgO-doping suggests a space-
charge-related mechanism, meaning that the eﬀects are attributed to the formation of a photo-
induced space-charge distribution which assists local ferroelectric domain nucleation. The low
dark conductivity in the undoped CLN allows the photo-induced space-charge distribution to
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persist for a signiﬁcant period of time after its formation, while in the MgO:CLN any photo-
induced space-charge distribution decays much faster due to the much higher dark conductivity
which also makes this crystal less susceptible to photorefractive damage. The presence of a photo-
induced space-charge distribution and the corresponding space-charge ﬁeld induce a refractive
index change in LN via the linear electro-optic eﬀect. Probing of this photorefractive index
change provides an excellent tool for the investigation of the LLAP dynamics.
Therefore, in Sec. 2.2 the domain nucleation for varying time delays between light illumination
and application of the external E-ﬁeld in undoped CLN is presented, while in Sec. 2.3, after
giving a basic theory of photorefractive gratings and the two-center charge transport model, the
LLAP dynamics are compared to the decay of a photorefractive grating formed by the space-
charge ﬁeld, which conﬁrms the space charge hypothesis. Then in Sec. 2.4, possible mechanisms
are proposed to explain LLAP and corresponding LAP.
2.2 Latent light-assisted poling
2.2.1 Experimental setup
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Figure 2.1: LLAP setup, showing the focusing of the illuminating fs-pulsed beam incident on
the  z face of a lithium niobate sample held between water electrodes using transparent fused
silica plates. The white light is of low intensity and used only for visualisation of the poling
process via the crossed polariser and CCD camera. (P1, P2 = crossed polarisers; L = lens; F =
ﬁlter to block the fs-pulsed laser light; M = dielectric mirror; HV = high voltage; W = water;
S = LN sample; FS = fused silica; O = O-ring.)
To investigate the process of LLAP, 0.5-mm thick, z-cut, optical grade, undoped CLN crys-
tals from Crystal Technology, Inc. (US) were held within a transparent cell which enabled the
simultaneous light illumination of the crystal and the application of an external E-ﬁeld. The2 Latent light-assisted poling of LiNbO3 57
experimental setup used for the LLAP experiments is shown in Fig. 2.1. The transparent cell
was constructed out of UV-grade fused silica. The LN sample was held tightly by insulating
silicone O-rings. Holes drilled through the fused silica holder permitted the liquid electrodes (DI
water) to come in contact with the faces of the crystal. The laser used for the LLAP experi-
ments was a Coherent ultrafast laser system in the Femtosecond Applications of Science and
Technology (FAST) shared facility at the Optoelectronics Research Centre, providing  150 fs
pulses at 400 nm operated at a repetition rate of 250 kHz. The laser beam was focused by a lens
onto the crystal. After the laser illumination, high voltage was applied across the crystal via the
liquid electrodes. In-situ visualisation of the poling process was possible via a white light lamp
collimated through the crystal. The ﬁlter blocked the fs-pulsed laser light from the visualisa-
tion end of the setup. The strain-induced birefringence at the domain walls of inverted domains
[Gopalan 00] was revealed by crossed polarisers (P1 and P2), allowing the visualisation as the
walls formed and grew, while apart from the induced ordinary index increase for the inverted
domains [Kim 05], the applied voltage can provide additional electro-optic refractive index con-
trast. The application of an E-ﬁeld E3 along the z-axis gives rise to an ordinary index diﬀerence
across a 180 domain wall by Eq. 1.22: no(E3) =  1
2n3
or13E3, where r13 is the electro-optic
coeﬃcient and no the ordinary index. The index diﬀerence leads to scattering of light at the wall
which is optically imaged [Gopalan 99].
The crystal was subjected to a sequence of processing steps as follows. First, the crystal was
sequentially domain-inverted three times sequentially, leaving it with a domain orientation anti-
parallel to its virgin state. This was done to condition the crystal in order to avoid the ﬁrst
poling cycle which is known to have a higher coercive ﬁeld [Ro 00] and exhibits erratic domain
propagation due to pinning on defect sites [Kim 01]. Second, the fs-pulsed laser beam (which
has a Gaussian intensity proﬁle) was focused onto the front  z face to a spot radius of  15 m
and illuminated the crystal for a duration of 30 s. The crystal was then repositioned and a new
spot was illuminated with identical conditions after a subsequent delay of 30 s. The process
was repeated to systematically illuminate a number of spots at precisely controlled times. Third,
following the last spot and a ﬁnal 30 s delay, the voltage was ramped up to the desired value over
a period of 30 s, whereupon the maximum voltage was maintained for 300 s, and then ramped
back down to 0 V over a ﬁnal period of 30 s. The voltage delay time for each spot is deﬁned as
the elapsed time from the end of its illumination to the end of the ﬁrst voltage ramp. Thus, each
spot corresponds to diﬀerent values of voltage delay time. The illumination times, time delays
and E-ﬁeld application duration which were chosen to demonstrate the eﬀect are not necessarily
the optimal experimental conditions. After the above procedure, the samples were brieﬂy etched
in hydroﬂuoric (HF) acid to reveal the preferentially inverted ferroelectric LLAP domains. The
area of these inverted domains, as measured from scanning electron microscopy (SEM) images,
was investigated as a function of the voltage delay time for diﬀerent laser intensities and E-ﬁelds.2 Latent light-assisted poling of LiNbO3 58
2.2.2 Results
The inverted LLAP domains formed on the  z face and were, in all cases, of limited depth.
However, LLAP domains have been pushed through to the opposite face of the crystal by us-
ing higher magnitude of the E-ﬁeld or longer E-ﬁeld application times or a combination of the
two. It is important to note that under the process of LLAP, domain inversion occurred only at
the locations where the crystal had been previously illuminated. As with regular (simultaneous)
LAP, LLAP also formed domains which followed the shape of the illuminating spot and were
reproducible between diﬀerent spots and samples. Etching of LN crystals in HF acid reveals the
inverted ferroelectric LLAP domains as shown in Fig. 2.2. The LLAP conditions for these par-
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Figure 2.2: Preferentially inverted ferroelectric LLAP domains, revealed as unetched +z face
after HF etching, are induced by I = 9 GWcm 2 of 400 nm fs-laser irradiation, followed by
applied E-ﬁelds of (a) 14 kVmm 1 and (b) 8 kVmm 1 after a same voltage delay time of 570 s
in undoped CLN. LLAP domain walls run parallel to both y- and x-axes, particularly for the
higher E-ﬁeld in (a).
ticular inverted domains were: laser intensity of 9 GWcm 2, applied E-ﬁelds of (a) 14 kVmm 1
and (b) 8 kVmm 1, and the same voltage time delay of 570 s. In Fig. 2.2, the LLAP domain
walls of (a) follow the crystal symmetry due to the high E-ﬁeld applied which allowed expansion
of this domain beyond the conﬁnes of the illuminating laser spot area. However, the domain did
not form a regular hexagon as is typical for EFP domains, forming instead an irregular octagon
with domain walls parallel to both the y- and x-axes. The walls labeled 1, 2, 4, 5, 7, 8 are parallel
to y-axes, while walls labeled 3, 6 are parallel to x-axes, contrary to the regular domain wall
growth in CLN [Lobov 06]. The LLAP domain walls of Fig. 2.2(b) also run parallel to both y-
and x-axes, in addition to many more rounded segments, generally following the shape of illu-
mination much more closely due to the lower applied E-ﬁeld. Domain walls following the x-axis
imply a condition of incomplete screening of the depolarisation ﬁeld [Shur 05], likely a result of
the redistribution of the photo-excited space charges prior to application of the external E-ﬁeld.
The nucleation and growth of LLAP domains was investigated by varying the illumination
intensity and the applied E-ﬁeld for a series of spots. Fig. 2.3 shows plots of the square root2 Latent light-assisted poling of LiNbO3 59
of the inverted LLAP domain areas as a function of voltage delay time for (a) diﬀerent applied
E-ﬁelds and (b) laser intensities. The square root of the inverted domain area is presented here
rather than the area itself because it represents the evolution of one linear dimension (1D) of the
inverted domain and can be compared in a straightforward manner with the temporal evolution
of a 1D space-charge distribution, discussed in Sec. 2.3.5. Fig. 2.3 reveals that, for all exposure
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Figure 2.3: Log-linear plots of the square root of the inverted LLAP domain areas, A1=2,
as a function of voltage delay time, measured from SEM images of HF-etched samples with
conditions: (a) I = 9 GWcm 2 and variable E-ﬁeld amplitude, and (b) E = 8 kVmm 1 and
variable laser intensity. The solid red lines represent single exponential decay function ﬁts.2 Latent light-assisted poling of LiNbO3 60
conditions, the poled area increases with decreasing voltage delay time. It is expected that at
even shorter voltage delay times than those applied in the experiments, the poled areas would
be correspondingly even larger. The experimental protocol here however limits the shortest
applicable voltage delay time to 60 s.
Additionally, Fig. 2.3(a) and Fig. 2.3(b) show that the poled area increases with E-ﬁeld ampli-
tude and laser intensity respectively. Of particular interest is that domain inversion was observed
even for an E-ﬁeld as low as 6 kVmm 1 in Fig. 2.3(a), a reduction of 62% from the dark En
(15.8 kVmm 1 in the reverse poling direction). This is a surprising result as the minimum
intensity-dependent En observed with simultaneous illumination shown a reduction of only 42%
in LAP experiments using the same experimental setup, as reported in [Valdivia 06]. Never-
theless, LLAP formed a sizeable domain even when 6 kVmm 1 was applied nearly 700 s after
illumination. An E-ﬁeld of 6 kVmm 1 is not necessarily the minimum amplitude to achieve
LLAP, but rather represents the minimum value tested under these exposure conditions.
The straight lines which appear in Fig. 2.3 correspond to single exponential decay functions,
ﬁtted to the square root of the inverted domain area data points as,
A1=2 = L0 exp( t=L) (2.1)
where A is the LLAP inverted domain area; L0 is a constant; and L is the time constant of
the 1-D length reduction. The results of the ﬁttings are listed in Table 2.1. The close values
Table 2.1: Summary of constants L0, time constants L, decay rates 
 1
L and the relative
reductions A1=2 from 60 s to 720 s of the linear dimension of the LLAP inverted domains in
undoped CLN for diﬀerent experimental conditions.
E (kVmm 1) I (GWcm 2) L0 (m) L (s)  1
L (10 4 s 1) A1=2
8 4.5 42.4 2860  120 3:50  0:29 0.206
8 9 47.3 3970  470 2:52  0:61 0.153
8 18 54.8 4050  250 2:47  0:31 0.150
14 9 60.8 3010  450 3:33  1:02 0.197
10 9 47.5 2750  250 3:64  0:67 0.213
6 9 35.5 3150  390 3:17  0:80 0.189
of decay rate ( 1
L ) show that the length-reduction of the inverted domains with voltage delay
time is very similar despite the very diverse experimental conditions in both laser exposure
and value of applied E-ﬁeld. Any diﬀerences should be attributed to 1) the ﬁtting uncertainty
( 10% in Table 2.1) due to the limited range of delay time (60   720 s) compared to the ﬁnal
extracted time constants about 3000 s ﬁtted by limited number of data points, 2) the stochastic
nature of ferroelectric domain nucleation and expansion, and 3) the presence of local defects in
the crystal which also govern domain nucleation and growth during regular EFP [Yan 06]. For
more accurate measurements, it is necessary to average over many exposure locations as the local2 Latent light-assisted poling of LiNbO3 61
crystal quality appears to have a noticeable impact on the growth of LLAP domains. It should be
noted here that actually a more reasonable ﬁtting is by a stretched exponential decay instead of a
single-exponential decay considering the tunneling-involved charge migration at shallow energy
levels [Sturman 08], the reason for which will be discussed in Sec. 2.3.2. However, the short
measurement range and the limited number of data points can induce a signiﬁcant uncertainty
in the ﬁtting of the stretched exponential decay function. Fitting a single exponential function is
acceptable however for this short range of time delays (60   720 s). A parameter A1=2, deﬁned
as the relative reduction of A1=2 from 60 s to 720 s, expressed as
A1=2 = 1   A
1=2
720s=A
1=2
60s (2.2)
is to be used for comparison with the photorefractive grating decay in Sec. 2.3.5. The A1=2
values for each set of data in Fig. 2.3 are derived from the single exponential ﬁtting and are
listed in Table 2.1.
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Figure 2.4: Plot of the ﬁtting parameter L0 versus the product of the applied external E-
ﬁeld and the intensity I, E  I, for a speciﬁc E-ﬁeld (8 kVmm 1) and a speciﬁc intensity
(9 GWcm 2). The solid red lines represent linear ﬁts.
Also, Fig. 2.4 shows that for an E-ﬁeld (8 kVmm 1) or intensity (9 GWcm 2), the ﬁtting
parameter L0 linearly increases with the intensity I or the E-ﬁeld within that range. Considering
condition-independent time constants L, the larger slope of L0 for constant intensity suggests
that, for the same voltage delay time, the inverted domain area is more sensitive to the applied
E-ﬁeld rather than the intensity.
Further investigations of the LLAP domain area for voltage delays up to 10 hours are shown in
Fig. 2.5. However, for delay times beyond 700 s, the samples were kept in the dark before the
application of the E-ﬁeld instead of being illuminated constantly by a broadband light source2 Latent light-assisted poling of LiNbO3 62
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Figure 2.5: Log plot of the square root of the inverted LLAP domain area, A1=2, as a function
of the voltage delay time for diﬀerent laser intensities and E-ﬁelds. The solid red lines serve as
a guide to the eye.
as in the short voltage delays experiments (< 700 s) which is likely to inﬂuence the relaxation
rate of the space-charge distributions as will be discussed in Sec. 2.3.4. Additionally for longer
time delays the inverted domains become fragmented, hence the domain area measurements are
increasingly inaccurate. Preferential nucleation was observed even for time delays as long as
24 hours after laser irradiation, however the resulting domains were severely fragmented for the
experimental conditions used, and thus are not included in Fig. 2.5. It is possible that higher
laser intensities, higher E-ﬁelds, and/or longer exposures could produce solid domains as shown
in Fig. 2.2 even for such long voltage delay times.
2.3 Photorefractive grating dynamics
Considering 1) the inverted domain area reduces with voltage delay time and more importantly
2) the relatively small dependence of the decay rate (or time constant) on the experimental
conditions (laser intensity, E-ﬁeld value), they suggest that the eﬀect may be related to the
relaxation of a space-charge distribution formed by the intense laser irradiation of the crystal.
Photo-excited charge carriers in undoped CLN can be electrons (or holes) excited from impurity
or defect energy levels to the conduction band (or valence band), and/or electron-hole pairs
excited directly across the band-gap via two-photon absorption especially at high intensities
[Beyer 05]. Charge carriers can migrate to and become trapped at the dark region with low
conductivity. Then, after illumination, the migrated photo-excited charges redistribute in the
dark or under the inﬂuence of ambient light. The decay (redistribution) of the photo-excited space2 Latent light-assisted poling of LiNbO3 63
charges is thus reﬂected in the reduction of the inverted domain area as a function of the voltage
time delay. As the presence of a photo-induced space-charge distribution and the corresponding
space-charge ﬁeld induces a refractive index change in LN via the linear electro-optic eﬀect,
probing of this photorefractive index change provides an excellent tool for the investigation
of the LLAP dynamics. It was done in this section by investigating the decay dynamics of a
photorefractive grating written in the sample with the same fs-pulsed laser.
A brief background of the photorefractive eﬀect is outlined in Sec. 2.3.1 followed by the in-
troduction of a two-centre charge transport model in Sec. 2.3.2 as responsible for the charge
transport in undoped CLN. Finally, the photorefractive grating recording experiment results
will be presented in Sec. 2.3.4 and will be compared with LLAP experiments in Sec. 2.3.5.
2.3.1 Theory of photorefractive grating recording
The basics of photorefractive grating recording can be found in numerous monographs and re-
views (e.g., [Lines 77, Sturman 92, Günter 88, Günter 89, Günter 06, Günter 07a, Günter 07b,
Solymar 96, Buse 07]). A change of the refractive index of electro-optic photoconductors is
caused, via the electro-optic eﬀect, by the formation of a photo-induced space-charge ﬁeld Esc.
Fig. 2.6 shows the superposition of two mutually coherent plane waves with identical incident
intensities, thus E-ﬁeld jE1ij = jE2ij, and with wave vectors of k1 and k2. In the LN grating
recording arrangement, the usual geometry is where the grating vector is parallel to the polar axis
K k z, and the incident beam polarisations are either both s polarisations (E1i k E2i?k1&k2)
or both p polarisations (E1i&E2i?k1  k2) as shown in Fig. 2.6(a) and Fig. 2.6(b) respectively.
The two plane waves produce an interference intensity pattern which can be described by:
I(z) = I0(1 + mcosKz) (2.3)
where K = 4 sin= is the spatial frequency of the interference pattern;  is the half-angle
between the k-vectors of the incident plane waves as indicated in Fig. 2.6;  is the wavelength
of the recording light in vacuum; z is the spatial coordinate; I0 is the averaged light intensity;
and m is the modulation index, the value of which for various arrangements of incident beam
polarisations have been discussed in [Eichler 06]. With equal intensities, for the s polarisation
arrangement, m = 1, while for p polarisation arrangement, m = cos2    sin2 .
The stationary photovoltaic ﬁeld Epv is expressed from Eq. 1.15 and 1.16 as: Epv = kGI=[ph+
d]. For the case of single type of charge carrier, the photoconductivity equals to ph = Nccjqj
where Nc, c, and q are the carrier density, mobility, and charge respectively. In the case of d 
ph, a scalar presentation of the diﬀusion ﬁeld Edi corresponding to the intensity distribution2 Latent light-assisted poling of LiNbO3 64
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Figure 2.6: Periodic intensity pattern produced by interference of two incident light waves
with identical intensities, thus E-ﬁeld jE1ij = jE2ij, and with wave vectors of k1 and k2. For
simplicity, grating vector K k z. (a) and (b) show respectively s and p polarisation arrangements
of incident beams. ( = grating period;  = half-angle between the k-vectors; !,  (out of
paper), 
 (into paper) = phases; subscripts ‘i’, ‘t’, ‘d’ = incident, transmitted, diﬀracted.)2 Latent light-assisted poling of LiNbO3 65
of Eq. 2.3 can be derived from diﬀusion current jdi of Eq. 1.23 as
Edi(z) = jdi(z)=ph (2.4)
Edi(z) =  
kBTrNc
qNc
Assuming Nc / I, thus from Eq. 2.3,
Edi(z) =
kBT
q
KmsinKz
1 + mcosKz
(2.5)
where q = +/ e for holes/electrons.
Principal distinctions of the diﬀusion ﬁeld, Eq. 2.5, from the photovoltaic ﬁeld Eq. 1.16 are
independent of Edi on the light intensity and a shift of the ﬁeld grating by =2 with respect to the
interferogram Eq. 2.3. The photoexcited carriers transferred by either of the listed mechanisms
or their combination are captured by traps (if any) to form a spatially modulated space-charge
ﬁeld Esc. In steady state, the Esc is derived from Eq. 1.27. If the photovoltaic mechanism is
dominant, then Esc(z) =  Epv(z) and is in phase with the interferogram, which is most often
realised in iron-doped LiNbO3. If the diﬀusion mechanism prevails and the photoconductivity is
of single type of charge carrier, then Esc(z) =  Edi(z).
For the crystals investigated here, undoped CLN and MgO doped CLN, in the literature pho-
torefractive grating experiments have been conducted at UV wavelengths, the results of which
are listed in Table 2.2. In Ref. [Jungen 92], it was reported that for undoped CLN at wave-
Table 2.2: Dominant charge transport and charge carriers for undoped and MgO doped CLN
at various wavelength  and photorefractive grating period .
Doping  (nm)  (m) Transport Carriers Ref.
undoped CLN
351 0:36   1:8 diﬀusion holes [Jungen 92]
454 0:36   1:8 diﬀusion electrons [Jungen 92]
514 0:36   1:8 BPVE electrons [Jungen 92]
MgO doped CLN (0   9 mol%)
325 0.45 diﬀusion electrons [Xin 10]
351 0.3 diﬀusion holes [Xu 00]
BPVE = bulk photovoltaic eﬀect
length of 351 nm and 454 nm, diﬀusion dominated charge transport with grating period of
0:36 1:8 m and photovoltaic ﬁeld measured to be 0.55 kVcm 1, which accords with the much
larger amplitude values of the diﬀusion ﬁelds for real grating periods   1 m, approximately
1.5 kVcm 1 calculated from Eq. 2.5. The diﬀusion domination was also reported in highly MgO
doped LN crystals [> optical damage threshold (ODT)] at UV wavelength of 325 nm [Xin 10]
and 351 nm [Xu 00] with grating period of 0.45 m and 0.3 m respectively. Thus, here in the
case of UV wavelength at 400 nm and grating period at 1 m, it is reasonable to conclude that2 Latent light-assisted poling of LiNbO3 66
the diﬀusion dominates the charge transport. Therefore, the following analysis will be based on
diﬀusion-dominated charge transport for the photorefractive grating.
The space-charge ﬁeld Esc(z), via linear EO eﬀect, leads to a refractive index change given by
2n =  n3reEsc(z) (2.6)
where re is the eﬀective electro-optic coeﬃcient for the given crystal conﬁguration. In LiNbO3
with grating vector parallel to the polar axis (K k z), the expression of the eﬀective electro-optic
coeﬃcient re can be deduced from Eq. 1.21 for the extraordinary polarisation of the recording
beams
re = r13 sin2  + r33 cos2  (2.7)
and for ordinary beams
re = r13
In the case of diﬀusion as the dominant transport mechanism, Esc(z) =  Edi(z), and thus, from
Eq. 2.6 and Eq. 2.5, n / q 1 sinKz. The refractive index modulation, n, forms a grating shifted
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Figure 2.7: Response of a photorefractive material to a non-uniform intensity pattern of I(z).
Photo-ionisation produces charge carriers: (a) electrons or (b) holes diﬀuse until reaching a
steady state with spatial charge density of (z). The space charge distribution (z) builds a
space charge ﬁeld Esc(z) that via the linear EO eﬀect induces a refractive index grating n
with a =2 phase shift with respect to the intensity I. The dashed lines in n(z) is a step
approximation for the analysis of energy transfer at points A and B in Fig. 2.8.2 Latent light-assisted poling of LiNbO3 67
by =2 as compared to the intensity (Eq. 2.3), the so-called nonlocal response [Kukhtarev 76,
Kukhtarev 79b, Kukhtarev 79a]. It should be mentioned that if Epv and Edi are comparable,
then the shift of the grating is less than =2. Fig. 2.7 shows the diﬀusion process with (a) electrons
or (b) holes as charge carriers: non-uniform intensity I excites charge carriers, (a) electrons or
(b) holes, which diﬀuse to form a space charge distribution . The space charge distribution 
builds a space charge ﬁeld Esc that via the linear EO eﬀect induces a refractive index grating
n with a =2 phase shift with respect to the intensity I.
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Figure 2.8: Energy transfer in the case of electrons as charge carriers after diﬀusion under a
non-uniform intensity distribution. Refraction and reﬂection at point A and B in Fig. 2.7(a) are
exempliﬁed for both (a) s and (b) p polarisation arrangements. Subscripts and phases have the
same meaning as in Fig. 2.6 except that in this case of step refractive index change, ‘d’ refers
to reﬂected. Red and white arrows are mutually destructive beams, while same color beams are
constructive.2 Latent light-assisted poling of LiNbO3 68
Due to the diﬀusion-induced nonlocal response of n to the intensity, energy transfer occurs
between two incident beams. In order to simply demonstrate it, graded refractive gratings in
Fig. 2.7 are approximately represented by step refractive gratings in dashed lines. Thus, reﬂection
and refraction occur at each step change of refractive index which are exempliﬁed at points A
and B in the case of electrons as charge carriers in Fig. 2.7(a). Fig. 2.8 shows that E-ﬁelds of two
transmitted beams at point A and B are derived from a combination of E1t +E2d (towards +z)
and E2t+E1d (towards  z), where subscripts ‘1’, ‘2’, ‘t’, ‘d’ mean beam 1, beam 2, transmitted,
and diﬀracted respectively (in this case of step refractive index change, ‘d’ refers to reﬂected).
s and p polarisation arrangements are shown in Fig. 2.8(a) and Fig. 2.8(b) respectively. With
points A and B located at an intensity minimum and maximum respectively, this determines
the local incident beam phases at the points to be as indicated in Fig. 2.8. Assuming that the
incident angle on the step index interface (90   ) is smaller than both the Brewster’s angle
and the critical angle which is close to 45 and 90 respectively for small value of n, from
Fresnel’s equations for reﬂection and refraction [Bennett 09] the phases for the reﬂected and
refracted beams at the step index interface can be derived as in Fig. 2.8: 1) zero phase shift for
transmission, 2) zero phase shift for reﬂection from smaller refractive index medium, and 3) 
phase shift for reﬂection from larger refractive index medium. For a clear illustration, in Fig. 2.8
red and white arrows are mutually destructive beams, while same color beams are constructive.
Therefore, it can be seen that in all cases, at A or B, s or p polarisations, E1t +E2d always have
the diﬀerent color, thus, add destructively, while E2t + E1d have the same color, therefore add
constructively. It indicates an energy transfer towards E2t+E1d, or in other words,  z direction.
Similar analysis for hole charge carriers can lead to the conclusion that energy transfer occurs
towards +z. The energy transferring direction is often taken as an indication of the type of the
dominant charge carriers [Günter 88]. The results of determined dominant charge carriers for
undoped and MgO doped CLN are also listed in Table 2.2.
A characteristic parameter of the grating recording is the diﬀraction eﬃciency, , deﬁned as the
ratio of the diﬀracted power to the incident power. For equal intensities of the two recording
beams, the diﬀraction eﬃciency  for a hologram (taking into account the optical absorption of
the crystal) is predicted by the coupled-wave theory as [Kogelnik 69]
 = exp

 L
cos

sin2

nL
cos

(2.8)
n =  
1
2
n3reE
sc
where  is the absorption coeﬃcient; L is the hologram thickness; re is the eﬀective electro-optic
coeﬃcient for the given crystal conﬁguration; n is the average refractive index; and E
sc is the
amplitude of the space-charge electric ﬁeld modulation. In the case of diﬀusion charge transport,
it derives from Eq. 2.5 to be: E
sc = kBTKm=jqj.2 Latent light-assisted poling of LiNbO3 69
2.3.2 Two-center charge transport model
Analysis of photorefractive grating recording involves consideration of the charge transport
scheme: charges, energy levels, excitations and relaxations. It has been well reviewed in [Buse 97b,
Buse 97a] and [Sturman 08], and a short summary is presented here.
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Figure 2.9: Energy band structure of undoped CLN showing the valence, conduction band,
and intermediate energy levels of Nb
5+
Li , Fe2+/Fe3+, VLi. When light is present, electrons can
be excited via 1) Fe2+ ! CB, 2) VB ! Fe3+, and 3) VB ! CB. Electrons can transport
via two channels, through CB, and NbLi denoted as t(NbLi) in the ﬁgure [Sturman 08], while
holes transport via VB, and VLi denoted as t(VLi) in the ﬁgure. Thick red arrows indicate the
strongest recombination channel (for the CB, it is CB ! NbLi; and for the VB, it is VB ! VLi).
(Eg = energy gap; EF = Fermi energy; (NbLi   Fe), (VLi   Fe) = recombination time.)
Fig. 2.9 outlines the band structure of CLN, showing the conduction band (CB), valence band
(VB) and the various intermediate energy levels: Nb5+
Li , Fe2+/Fe3+, VLi. In equilibrium at room
temperature with no light illumination, ionised Fe ions are presented as Fe2+ which act as electron
donor or hole acceptor, while others presented as Fe3+ are electron acceptor or hole donors.
Nb5+
Li and VLi are empty as electron [Sturman 08] and hole acceptors (traps) [Donnerberg 89]
respectively.
As indicated in Fig. 2.9, three possible excitation paths of electrons (shown as three thin solid red
arrows) between CB, VB and the intermediate energy levels during pulsed UV light illumination
are:
1. Electrons from Fe2+ to conduction band (electron conductivity)
2. Electrons from valence band to Fe3+ (hole conductivity)2 Latent light-assisted poling of LiNbO3 70
3. Electrons via two-photon absorption from valence band to conduction band (both electron
and hole conductivity)
Excitation 1 (or 2) corresponds to electron (or hole) dominated conductivity, while the involve-
ment of excitation 3 can contribute to both electron and hole conductivity. For the photorefrac-
tive grating recording experiment described in the next section, the dominant charge carriers
have not been experimentally determined via two-beam coupling due to the very low gain, more-
over, no conclusion can be made from literature. For undoped CLN, it has been reported that
holes and electrons are the dominant charge carrier at 351 nm and at 454 nm respectively as
shown in Table 2.2. In the case here of fs-pulse laser illumination, the applied wavelength 400 nm
is in-between these two wavelengths, thus, the dominant charge carrier cannot be determined
from the literature. Neither can the main charge carrier be determined for MgO doped lithium
niobate. Strong UV photorefraction is achieved in MgO:CLN. It was reported that at 351 nm
[Xu 00] and 325 nm [Xin 10], holes and electrons are the dominant charge carriers respectively.
Since it’s not determined which charge carrier dominates in the LLAP and photorefractive
experiments, both cases of electron and hole transport schemes are discussed. It will be shown
that in both cases, a two-centre charge transport model should be applied, considering the
additional charge transport channel of NbLi for electrons and VLi for holes, the transport of
which is distance-dependent and via tunneling/hopping.
Firstly, consider the excitation scheme 1 with electrons as dominant charge carriers, Fe2+ and
Fe3+ as electron donors and acceptors (deep traps) respectively. As discussed in Sec. 1.3.2,
CLN possesses a considerable lithium deﬁciency of about 4%, and about 1% of the Nb ions are
located on Li sites as intrinsic antisite defects NbLi to maintain overall charge neutrality. The
intrinsic defect Nb4+
Li /Nb5+
Li is more shallow than Fe2+/Fe3+ with respect to the conduction band
edge. The photon energy of infrared radiation is suﬃcient to excite electrons from Nb4+
Li to the
conduction band [Berben 00, Herth 05]. Therefore, apart from the CB, the shallow energy level
NbLi with its considerable concentration can also contribute to the conductivity via electron
tunneling/hopping as an additional channel.
In undoped or low concentration iron-doped CLN, the concentration of the antisite defects
( 1020 cm 3) is much larger than the concentration of deep traps, NNbLi  NFe3+. Fig. 2.9
also shows the energy scheme of the two-centre charge transport model (NbLi and Fe). Accord-
ing to [Sturman 08], the main channel of the photo-excitation is Fe2+ ! CB. The strongest
recombination channel for the CB is CB ! NbLi as the thick red arrow in Fig. 2.9, while
channel CB ! Fe3+ is expected to be negligible. Channel NbLi ! Fe3+ possesses the longest
recombination time (NbLi   Fe) as indicated in Fig. 2.9.
When charge carriers, electrons, are photoexcited from a deep trap of Fe2+ into shallow traps
of the intrinsic defect Nb5+
Li (Nb on Li site in the valence state 5+), the coulomb interaction2 Latent light-assisted poling of LiNbO3 71
and phonon coupling between the excited charge and the surrounding ions can lead to a local
deformation of the crystal lattice, creating Nb4+
Li centers, so-called small bound polarons. The
resulting lattice polarisation acts as a potential well that hinders the movements of the charge,
thus decreasing its mobility. Moving through the crystal, the electron carries the lattice distortion
with it as a cloud of phonons accompanying the electron.
A model proposed by Berben [Berben 00] suggests that the dark-decay dynamics or the re-
combination of the small bound polarons involves a hopping/tunnelling process which takes into
account the distance-dependent electron transition probabilities. Since NNbLi  NFe3+, the mean
distance between two neighboring shallow centres, RNbLi  N
 1=3
NbLi , is noticeably shorter than
the mean distance between the deep centres, RFe3+  N
 1=3
Fe3+ , and also than the mean distance
between centres NbLi and Fe3+ ( RNbLi). Recombination of NbLi ! Fe3+ therefore involves
a hopping process where the average hopping probability of a single hop (tunneling event) for
centres NbLi is exponentially small [proportional to the factor exp( RNbLi)] due to a very small
overlap of the wave functions for the neighboring centres. The factor is sharply decreasing with
increasing hopping distance RNbLi.
Nb
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Figure 2.10: Migration of an electron over NbLi (circles) and recombination to the ground
state Fe3+ (empty squares). Replotted from [Sturman 08].
The physical picture of recombination NbLi ! Fe3+, proposed in [Sturman 08], can be presented
as in Fig. 2.10. An electron migrates/diﬀuses by hopping from one NbLi center to another [t(NbLi)
tunneling process in Fig. 2.9] until it approaches eventually a deep recombination center Fe3+.
Only after that can a recombination occur. The important point is that electrons trapped at
Fe or NbLi are localised. Thus, the probabilities of excitation and recombination depend on the
physical distance between diﬀerent centres. Considering this distance-dependent excitation and
recombination rates, the lifetime of an individual polaron thus also depends on the distance to
the next available deep electron trap and the distance between two neighboring shallow centres.
Since the electrons trapped in this shallower centre increase the light absorption in the red and
near infrared, the dark decay of the polaron concentration Npol was observed by monitoring the
relaxation of the absorption changes: (t) / Npol(t). The distance-dependent electron transition2 Latent light-assisted poling of LiNbO3 72
from small polarons Nb4+
Li to deep traps Fe3+ (recombination) is experimentally observed to
follow the stretched-exponential decay,
Npol(t) = Npol(t = 0)exp[ (t=)] (2.9)
with 0 <  < 1, which is also supported by computer simulations [Berben 00].
This additional channel of electron migration via tunneling/hopping on NbLi, along with its
stretched-exponential behavior of relaxation, leads to the stretched-exponential behavior of an
elementary holographic grating decay, with the refractive-index amplitude, n, described by
[Peithmann 02]
n(t) = n0 exp[ (t=)] (2.10)
where n0 is the saturation value of the refractive-index change; t is the time;  is the averaged
relaxation time of the stored hologram; and  is the stretch factor.
Considering the hole conductivity of excitation scheme 2, similar to the electron conductivity,
the energy level VLi in between Fe2+ and valence band is expected to have a similar function
as NbLi to the electron conductivity, as an additional transport channel (two-centre charge
transport scheme). Holes trapped at VLi form bound V+
Li hole polarons. The lifetime of V+
Li hole
polarons again depends on the distances between neighboring VLi, and distances between VLi and
Fe2+. Until holes occasionally approach a deep recombination centre Fe2+, recombination occurs.
Therefore, the same stretched exponential decay of refractive index change can be expected for
hole conductivity.
For scheme 3, as both electrons and holes are excited, charge excitation of scheme 3 includes the
charge transport in both scheme 1 and 2. Additionally, direct electron-hole recombination needs
to be taken into account too. However, for the intensity range applied here, it is still considered
as too low to induce considerable two-photon absorption.
2.3.3 Experimental setup
Single crystal LN is an electro-optic (EO) photoconductor and is known to exhibit photorefractive
behavior [Arizmendi 94] which can be enhanced in the visible spectral range by doping the
crystal with iron for data storage applications [Mok 93]. Although the photorefractive eﬀect is
less pronounced in undoped crystals due to the lack of photo-excitable impurities, it is still
present [Bai 97, Jermann 95] and well known as ‘optical damage’. Therefore it can be used as a
tool to study the dynamics of photo-induced space-charge distributions which is proposed to be
the main mechanism for the LLAP and LAP.2 Latent light-assisted poling of LiNbO3 73
Here photorefractive gratings have been recorded in undoped CLN crystals by two-beam inter-
ference using the same laser source applied for LLAP in order to study the dynamics of any
space-charge ﬁelds that have been formed as a result of the ultrafast laser exposure and com-
pare it with the domain inversion dynamics in LLAP. The results of the photorefractive grating
recording experiments provided a new insight to the eﬀect of LLAP: a direct evaluation of the
role of the space-charge distribution to the LLAP eﬀect and also explaining a number of exper-
imental observations such as the absence of latent eﬀects in MgO-doped LN crystals and the
signiﬁcant reduction of the En in MgO:CLN in LAP.
M
LN
HeNe
PM
BS
DL
UF
M
M
Figure 2.11: Interferometric setup for recording and monitoring photorefractive gratings in
LN using 150 fs ultrafast (UF) laser pulses at r = 400 nm. The diﬀracted light (DL) of a
CW HeNe laser at p = 633 nm incident at the Bragg angle was used to monitor the grating
recording/decay. (M = mirror; BS = beam splitter; PM = optical power-meter.) The external
crossing angle of recording beams in air is 2 = 21:6, corresponding to a photorefractive grating
period  = 1 m. Spot radius of the ultrafast and HeNe lasers are 0.5 and 0.4 mm respectively.
The polarisations of both lasers were in the plane of the page (horizontal, p-polarisation). The
arrowed dashed line indicates the variable arm of the interferometer.
The experimental setup which was used for the recording of volume gratings in LN crystals
is outlined in the schematic of Fig. 2.11. The original train of ultrafast laser pulses (400 nm,
150 fs) was divided into two parts with equal intensity by a cube beam splitter and the resulting
beams were made to interfere in the LN crystal after propagating via the two separate arms of a
Michelson interferometer. For ultrashort pulse interference it is important to achieve both spatial
and temporal overlap of the two pulses, hence the length of one arm of the interferometer was
adjustable in order to achieve zero time delay. Monitoring of the grating recording and decay
was achieved by measuring the diﬀracted power from a CW HeNe laser (p = 633 nm) incident
at the Bragg angle, as shown in Fig. 2.11. The diﬀracted signal exhibited strong sensitivity to
the polarisation of the probe beam, a fact that ensures that the grating is due to refractive index
change as a result of the photorefractive (PR) eﬀect and is not an absorption grating.2 Latent light-assisted poling of LiNbO3 74
2.3.4 Results
The dynamic behavior (recording and decay) of PR gratings in both undoped CLN from Crystal
Technology, Inc. (US) and 5 mol% MgO:CLN from Yamaju Ceramics Co., Ltd. (Japan) was
investigated. The decay of the space-charge distribution in both crystals was monitored by
measuring the power of the diﬀracted probe beam (p = 633 nm) in the absence of the two
recording beams (r = 400 nm). The normalised temporal evolution of the square root of the
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Figure 2.12: Decays of the square root of the normalised PR grating diﬀraction eﬃciency,
1=2, in (a) undoped CLN and (b) MgO:CLN for diﬀerent probe laser intensities, Ip. The solid
red curves correspond to stretched exponential decay ﬁts.2 Latent light-assisted poling of LiNbO3 75
diﬀraction eﬃciency, 1=2, which is proportional to the amplitude of the space charge ﬁeld (Eq.
2.8), is plotted as a function of time in Fig. 2.12(a) and Fig. 2.12(b) for undoped CLN and
MgO:CLN, respectively. As the decay rate of the PR grating in both crystals was inﬂuenced by
the intensity of the probe HeNe laser, several decay curves corresponding to diﬀerent values of
the probe beam intensity were obtained as indicated in the graphs of Fig. 2.12. It was found
that a stretched exponential decay curve described by the equation,
1=2 = exp[ (t=)] (2.11)
exhibits an improved ﬁt as compared to a single exponential decay curve, where  is the nor-
malised diﬀraction eﬃciency; t is the time;  is the averaged relaxation time of the recorded
hologram; and  is the stretch factor [Peithmann 02]. From the stretched exponential ﬁt, the
averaged relaxation time, , was derived for diﬀerent HeNe laser intensities and the correspond-
ing values are summarised in Table 2.3. The use of a stretched exponential function, also known
Table 2.3: Summary of the averaged relaxation time , stretch factors , decay rates  1,
and the relative reduction of the normalised PR grating diﬀraction eﬃciency 1=2 from 60 s to
720 s, recorded in undoped CLN and MgO:CLN for diﬀerent HeNe laser intensities Ip.
Crystal Ip (Wcm 2)  (s)   1 (s 1) 1=2
undoped CLN
0.71 2400 0.560 4:17  10 4 0.318
0.53 3040 0.581 3:29  10 4 0.282
0.35 4060 0.602 2:46  10 4 0.239
0.18 6370 0.640 1:57  10 4 0.179
0.088 10100 0.694 9:90  10 5 0.123
0.044 16600 0.734 6:01  10 5 0.0802
0.018 29600 0.841 3:38  10 5 0.0378
0.0088 81500 0.779 1:23  10 5 0.0213
MgO:CLN
1.0 2.27 0.282 4:41  10 1
0.46 3.01 0.287 3:32  10 1
0.13 5.29 0.312 1:89  10 1
0.013 15.8 0.355 6:34  10 2
as Kohlrausch-Williams-Watts function, is appropriate here as it describes a process that con-
sists of a distribution of diﬀerent relaxation processes [Berben 00]. The physical interpretation
of a stretched exponential decay of space charge distributions in undoped CLN has been de-
scribed in Sec. 2.3.2. For electron-dominant charge transport, it is attributed to the large amount
( 1020 cm 3) of the intrinsic NbLi anti-site defects which exist in undoped CLN, while for hole-
dominant charge transport, it might be due to the VLi that traps holes to form hole polarons.
Thus, in both cases, an additional channel is provided for the charge transport via hopping or
tunneling processes apart from the conventional contribution of the CB or VB for electrons or
for holes respectively [Sturman 08]. The stretch factor  reﬂects the level of involvement of the
additional charge transport channel. It has been plotted versus the incident power in Fig. 2.13,2 Latent light-assisted poling of LiNbO3 76
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Figure 2.13: The stretch factor  vs. incident power Ip for undoped (triangles) and MgO-doped
(squares) CLN. The solid red curves are guides to the eye.
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Figure 2.14: Decay rate ( 1) as a function of the probe HeNe laser intensity for undoped
CLN (squares) and MgO:CLN (triangles). The solid red curves are guides to the eye.
and as expected for both undoped and MgO-doped CLN the value of stretch factor decreases
with increasing incident red power. This means that charge transport on this channel via hop-
ping/tunneling becomes more signiﬁcant with increasing HeNe laser intensity due to an increase
of excited polarons concentration.
Fig. 2.14 shows a plot of the decay rate ( 1) as a function of the probe HeNe laser intensity.
The main observation which can be made from the plot in Fig. 2.14 and Table 2.3 is that the2 Latent light-assisted poling of LiNbO3 77
photorefractive gratings in undoped CLN show a suﬃciently slow decay, with time constants
> 2400 s, thus a signiﬁcant amount of the space-charge distribution should still be present at
the timescales where LLAP is observed. On the other hand, PR gratings in MgO:CLN decay
three to four orders of magnitude faster than gratings recorded in undoped CLN, with time
constants < 15:8 s, shorter than the smallest voltage time delay which is 60 s, and this likely
explains why LLAP was not observed for MgO:CLN crystals for the timescales applied here.
The fast decay of PR gratings in MgO:CLN is a consequence of the high dark conductivity of
this material which is 4   5 orders of magnitude higher than undoped CLN according to e.g
[Mizuuchi 04]. The dark conductivity of the crystal can be determined via [Nee 00]
d = r0 1
I0 (2.12)
where r = 28 is the dielectric constant of LN [Smith 71, Mansingh 85]; 0 is the permittivity
of free space; and I0 is the decay time constant corresponding to a suﬃciently low probe
HeNe laser intensity, thus approaching the dark decay. The inverse of I0 can be estimated
by substituting the lowest Ip values for undoped CLN and MgO:CLN in Table 2.3 which is
 0:01 Wcm 2. Fig. 2.14 shows that at low HeNe laser intensity in the case of MgO:CLN, the
 1 values are slow-decreasing hence the dark conductivity can be approximated by the con-
ductivity at  0:01 Wcm 2. However, for undoped CLN,  1 decreases quickly at low HeNe
intensities, hence inducing a considerable uncertainty in estimating the value of dark conductiv-
ity. For this reason, another grating decay experiment was conducted using a probe laser at a
longer wavelength (800 nm), which did not aﬀect the decay rate [Bai 97]. This measurement pro-
vided a value for the dark conductivity of undoped CLN which was very close to the value that
corresponded to the HeNe intensity of Ip  0:01 Wcm 2. According to Eq. 2.12, the correspond-
ing dark conductivities were derived to be 1:57  10 11 
 1 m 1 and 3:05  10 15 
 1 m 1 for
MgO:CLN and undoped CLN respectively, reconﬁrming the 4 5 orders of magnitude diﬀerence
which has been reported in the literature [Mizuuchi 04].
2.3.5 Comparison with LLAP
To relate the PR grating decay to the delay time dependence of the inverted LLAP domain
area, the relative reduction of the square root of the normalised PR grating diﬀraction eﬃciency,
1=2, for the same time period in Fig. 2.3, from 60 s to 720 s, was derived from the stretched-
exponential ﬁtting for each HeNe laser intensity. The values of relative reduction are listed in
Table 2.3 and plotted in Fig. 2.15. In that time period in undoped CLN, comparing the relative
reduction of the square root of the normalised PR grating diﬀraction eﬃciency, 1=2, with that
of the square root of the inverted domain areas in LLAP, A1=2, it is seen that the corresponding
relative reduction for the domain length is larger than the corresponding dark PR grating decay.
The range of the relative reduction for the square root of the inverted domain areas in Fig. 2.32 Latent light-assisted poling of LiNbO3 78
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Figure 2.15: Relative reduction of the square root of the normalised diﬀraction eﬃciency of
the PR grating from 60 s to 720 s, 1=2, as a function of HeNe laser intensity for undoped
CLN. The solid red curve is a guide to the eye. The range of the relative reduction of the square
root of the inverted LLAP domain areas in Table 2.1, A1=2, is indicated by the horizontal lines
while the vertical lines indicate the corresponding range of HeNe laser intensities.
is indicated by the dashed horizontal lines in Fig. 2.15 while the vertical dashed lines indicate
the corresponding range of probe HeNe laser intensities (0:13 0:28 Wcm 2). It is believed that
this is due to the fact that in the LLAP experiments the crystals were not kept in the dark
but were continuously illuminated by a broadband light source (halogen bulb) for the in-situ
visualisation of the poling process. The decay of the photo-induced space-charge distribution
(hence the reduction of the inverted LLAP domain area with voltage delay time) should have
been accelerated as a result of uniform illumination with radiation that contains a signiﬁcant
portion of short wavelength spectral components to which the crystal is more sensitive.
The saturated diﬀraction eﬃciency of the PR gratings recorded in MgO:CLN was measured to
be 1:510 4 which is one order of magnitude higher as compared to the corresponding saturated
diﬀraction eﬃciency for undoped CLN crystals (1:310 5) of the same thickness under identical
recording and probing conditions. The diﬀraction eﬃciency of the grating was measured in real
time during the recording of the grating with all three beams present simultaneously in the
crystal. This diﬀerence in the diﬀraction eﬃciency corresponds to a 3.4 times larger amplitude of
the space-charge ﬁeld, and thus a 3.4 times larger number of photo-induced charges being formed
in MgO:CLN as compared to undoped CLN. This observation is of particular importance as it
is in accordance with the much higher nucleation ﬁeld reduction in MgO:CLN which is observed
in LAP experiments [Valdivia 06].2 Latent light-assisted poling of LiNbO3 79
Finally, the larger reduction of the En which was observed in LLAP for undoped CLN as com-
pared with simultaneous LAP [Valdivia 07] cannot be explained with the data obtained here.
The association of this nucleation reduction diﬀerence with transient photo-excited charges
[Beyer 05], which can screen the slowly evolving space-charge ﬁeld in the presence of the ultra-
fast laser illumination and which decays much faster than the LLAP observation times, might
be excluded, because no sudden change of diﬀraction eﬃciency has been observed upon blocking
the writing fs-laser beams. A possible explanation might be that a portion of the photo-excited
charges drift under the inﬂuence of the external poling ﬁeld to the surface, thus, partially screen-
ing the poling ﬁeld to a lower value which the crystal actually experiences. As a result, poling of
the crystal in LAP requires a larger E-ﬁeld as compared to the LLAP to compensate the screen-
ing. Another explanation might be related to the photoconductivity gradient that is proposed
by Wengler [Wengler 05].
2.4 Proposed mechanism
UV photo-excited charge carriers in undoped CLN can be electrons excited from Fe2+ level to
the conduction band, holes excited from Fe3+ level to the valence band, and electron-hole pairs
excited directly across the band-gap via two-photon absorption [Beyer 05] especially at high
intensities. The driving force responsible for the migration of these photo-induced charges can
be diﬀusion and/or the photovoltaic eﬀect, resulting in a non-uniform space-charge distribution
after illumination. Possible mechanisms for LLAP based on these photo-excited charges have
been proposed, including 1) photovoltaic eﬀect, 2) diﬀusion, and 3) screening of defect clusters
to reduce the pinning strength.
The space-charge ﬁeld produced by this space-charge distribution, if along the poling ﬁeld, can
contribute in a straightforward manner to the En reduction. Both the photovoltaic eﬀect and
diﬀusion can produce such space-charge distributions, with a component of space-charge ﬁeld
aligning along the poling ﬁeld at the  z face where domain nucleation occurs. The photovoltaic
case can be explained as in Fig. 2.16(a): with the photovoltaic current ﬂowing parallel to the
spontaneous polarisation, surface compensation charges are countered by photo-excited charges,
leaving the dipoles at least partially uncompensated at the surface. The uncompensated depo-
larisation ﬁeld is oriented along the poling direction [Shur 05] and thus adds to the externally
applied E-ﬁeld, locally reducing the En. The process of producing such a space-charge ﬁeld by
diﬀusion of electrons as charge carriers has been discussed in detail in [Wang 09] and described
as in Fig. 2.16(b). Photo-excited charge carriers, electrons, drift to the un-irradiated region and
the remaining holes or ionised Fe3+, creating an opposite electric ﬁeld at +z and  z faces, with
that at the  z face parallel to the poling ﬁeld, thus, assisting the local nucleation.2 Latent light-assisted poling of LiNbO3 80
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Figure 2.16: Charge transport with light illumination under (a) photovoltaic eﬀect and (b)
diﬀusion. A space charge distribution is formed as a result of illumination and therefore a space
charge ﬁeld. In both cases, space charge ﬁelds at the  z face are parallel to the poling ﬁeld,
thus assisting the local nucleation. In (c), both photovoltaic eﬀect and diﬀusion are included
with photovoltaic eﬀect as dominant.
Additionally, photo-excited charges on the surface can screen the surface defects responsible
for the domain nucleation [Yan 06], which might also contribute to the En reduction. The ex-
planation of light-induced reduction of the nucleation ﬁeld, involving the reduction of pinning
strength in defect centers, was ﬁrst proposed in [Sones 05]. Domain growth under low E-ﬁelds
is dominated by domain pinning [Kim 01]. The amount of domain pinning is strongly depen-
dent upon stoichiometry, and hence pinning is directly proportional to the defect density. As
discussed in Sec. 1.3.2, the defects involved are likely to be the NbLi anti-site and VLi defect clus-
ters which present an energy barrier for the crossing of a domain wall, hence acting as pinning
sites [Kim 01]. However, domain wall movement and bowing between pinning defects has been
observed in undoped CLN under E-ﬁelds an order of magnitude lower than the coercive ﬁeld
[Yang 99]. Therefore it is proposed that light may cause a reduction in the pinning strength of
these defects, allowing domain wall movement at a lower E-ﬁeld. Under this model, microscopic
domains nucleate at surface defect sites as observed in regular EFP. Illumination, however, re-
duces the ability of the pinning centers to inhibit domain growth in the subsequent EFP, while
the preferential poled area depends on the time delay between the two steps for the photo-excited
charges to redistribute in the dark or under the inﬂuence of ambient light.
The way photo-excited charges screen the defect cluster might be straightforwardly attributed
to the presence of Nb4+
Li polarons and/or V+
Li polarons. As mentioned in Sec. 1.3.2, for undoped2 Latent light-assisted poling of LiNbO3 81
CLN, the spontaneous polarisation is actually stabilised by the defect cluster composed of one
Nb5+
Li and four VLi. Thus, electrons on Nb5+
Li (Nb4+
Li polarons) and holes on VLi (V+
Li polarons)
can be functionalised as a screening to the defect cluster, that can greatly reduce the contribution
of defect clusters to the stabilisation of the spontaneous polarisations (thus requiring a lower
coercive ﬁeld for poling), and moreover, weaken their pinning strength during EFP. It is worth
mentioning that the lowest En  6 kVmm 1 achieved here is very close to the coercive ﬁeld of
some SLN of about 6 6:5 kVmm 1 [Volk 08] which might suggest that if all the defect clusters
are perfectly screened by electrons on NbLi and holes on VLi, the poling behavior just shifts to
that of SLN.
Note here that a mechanism based on screening of defect clusters by electrons and holes requires
the lifetime of responsible polarons to be comparable to the voltage delay time of minutes and
hours. It might at ﬁrst glance contradict the literature that the lifetime of Nb4+
Li polarons in
iron-doped LN is reported to be from s to ms [Berben 00], much shorter than the time delays
applied here, so the electrons on the NbLi level cannot be remain until the EFP step. However,
recalling that the lifetime of an individual polaron depends on the distance to the next deep
trap, it might be the case that in undoped CLN the lifetime is much longer, even hours and
days due to the much smaller deep trap concentration of Fe3+ for electrons, or it might be
that the main contribution of LLAP comes from the holes on VLi that is expected to have a
much lower mobility as compared to electrons. One additional experiment has been performed
to support the idea that the photo-excited charges can still be present as polarons on NbLi
and/or VLi minutes after light illumination. The fs-pulsed laser at 400 nm was used to uniformly
illuminate an area of  3 mm diameter, and subsequently, some minutes after illumination, the
HeNe laser at 633 nm was used to record a grating at the illuminated area in the crystal by two
beam interference. Considerable diﬀraction eﬃciency was observed which means that even after
minutes a considerable number of charges were still present at NbLi and/or VLi levels that can
be excited to the CB or VB with the red laser, while electrons/holes on deep traps of Fe3+/Fe2+
cannot be excited at the HeNe wavelengths. Therefore, it seems that the assumption of long
lifetime of polarons in undoped CLN has some merit.
Although three possible mechanisms have been proposed based on photo-excited space charges,
they are not independent and the actual mechanism can be a combination of them. As men-
tioned, in the UV the photovoltaic ﬁeld was measured to be 0.55 kVcm 1 [Jungen 92], while with
a focused laser beam radius of 15 m, Eq. 2.5 yields a value of the diﬀusion ﬁeld as 0.05 kVcm 1,
much smaller than the photovoltaic ﬁeld. Therefore, it is reasonable to expect that during LLAP,
the photovoltaic ﬁeld dominates over the diﬀusion ﬁeld, and the resultant space-charge distri-
bution can be as illustrated in Fig. 2.16(c). The space charges (electrons and holes) trapped
and accumulated on the surface ( z and +z face respectively) can be presented as polarons;
thus, apart from forming an electric ﬁeld parallel to the poling ﬁeld at the  z face, they can2 Latent light-assisted poling of LiNbO3 82
contribute to the screening of defect clusters on the surface, the eﬀect of which is much stronger
compared to the case if screening occurs only locally and decays via local recombination. As
electrons accumulated on the  z face via photovoltaic ﬁeld can screen surface Nb5+
Li that is pri-
marily responsible for domain wall pinning [Yan 06, Kim 01], it likely explains the preferential
domain nucleation always on the  z face. The decay (redistribution) of the space charges is thus
reﬂected in the reduction of the inverted domain area as a function of the voltage time delay.
All LLAP results which have been presented thus far correspond to experiments with undoped
CLN crystals. No LLAP was observed for 5 mol% MgO-doped CLN (MgO:CLN) under these
experimental conditions.
2.5 Applications
LLAP enables the de-coupling of the light illumination and application of the externally E-
ﬁeld, and has been demonstrated in undoped CLN. De-coupling these two steps can potentially
improve the ferroelectric domain engineering process as it allows for independent design of each
step. This includes the choice of illuminating wavelength and intensity to maximise the light-
matter interaction, and choice of electrode materials for the optimisation of the ferroelectric
capacitor circuit for poling. Additionally, separation of the two processing steps can simplify
the apparatus required, permitting the poling of thicker crystals or utilising a larger area of the
crystal by limiting surface leakage currents near the edges via the use of insulating oils (e.g.,
silicone oil). Furthermore, long life-time of polarons excited by fs-pulsed lasers can also ﬁnd
applications in hologram storage.
2.6 Summary
The chapter has shown that the LLAP in undoped CLN, and the associated En reduction can be
observed even after several hours following irradiation with ultrafast ( 150 fs) laser light at a
wavelength of 400 nm. The domain nucleation for varying time-delays between light illumination
and application of the external E-ﬁeld in undoped CLN has been investigated. It was found
that the size of the resulting inverted ferroelectric LLAP domains depends on the intensity,
applied voltage, and the time delay between the light illumination and the application of the
E-ﬁeld. The dynamics of LLAP were attributed to the presence of a photo-induced space-charge
distribution. The photorefractive eﬀect in undoped CLN and MgO:CLN crystals was used as
a tool for the monitoring of the dynamics of photo-induced space-charge distributions in these
crystals. Good agreement between the relaxation dynamics of LLAP domain inversion and the
PR grating was observed for undoped CLN, while the fast decay of the PR gratings observed
in MgO:CLN explains the absence of the latent eﬀect in this crystal. Finally the 10 higher2 Latent light-assisted poling of LiNbO3 83
diﬀraction eﬃciency of PR gratings in MgO:CLN suggests a much larger amount of the photo-
excited space charges in this crystal thus explaining the signiﬁcant reduction of the nucleation
ﬁeld in this crystal during simultaneous light assisted poling (LAP). Three possible mechanisms
have been proposed based on space charges: 1) photovoltaic eﬀect 2) diﬀusion and 3) defect
cluster screening. And a combination of three mechanisms most possibly approaches the truth.References 84
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UV laser-induced poling-inhibition in
LiNbO3
3.1 Introduction
It has been reported that continuous wave ultraviolet laser irradiation at  = 244 nm on the +z
face of undoped and MgO doped congruent lithium niobate single crystals has been observed
to inhibit ferroelectric domain inversion directly beneath the illuminated regions during a sub-
sequent EFP step [Sones 08]. The eﬀect, which is referred to as poling-inhibition (PI), has been
conﬁrmed by both diﬀerential HF etching and piezoresponse force microscopy (PFM). The eﬀect
allows the fabrication of arbitrarily shaped domains in lithium niobate and forms the basis of a
high spatial resolution microstructuring approach when followed by chemical etching. However,
the exact depth of the poling-inhibited ferroelectric domains and the dependence of their depth
on the fabrication conditions was largely unknown although a minimum depth of  100 nm was
assumed based on the calculated PFM depth sensitivity: subsequent experimental investigation
however suggested a depth sensitivity of  1:7 m.
In this chapter, UV-laser induced inhibition of poling in undoped and MgO doped CLN crystals
using a range of writing wavelengths (244, 275.4, 300.3, 302.4 and 305.5 nm) has been fully
investigated. The depth, the width and the quality of the PI domains were measured as a function
of the UV-writing conditions (wavelength, writing speed and intensity), revealing achievable
domain depths and widths ranging from 1:5   4:3 m and 2:9   12:3 m respectively which
are suitable for waveguide applications. The depth of the PI domains was measured by wedge-
polishing the edge of a PI domain-carrying sample at a shallow angle ( 5) followed by 48%
HF acid etching. The depth and width of the PI domains could then be measured directly and
was seen to increase with increasing laser intensity and exposure time. It was found that both
depth and width values were largely insensitive to the illuminating UV laser wavelength. The
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wedge polishing process and subsequent etching has allowed the detailed investigation of the
poling-inhibition behavior under extreme poling conditions (large poling ﬁeld hence fast domain
wall propagation). A possible mechanism for poling-inhibition has been proposed based on Li
ion migration under the combination of a temperature gradient plus pyroelectric ﬁeld.
3.2 Fabrication and characterisation of PI domains
The experimental work which is presented in this section investigates the size (depth and width)
of PI domains, a parameter which is of importance for photonic applications, as a function of the
fabrication conditions. The size was measured via wedge-poling of the PI domains followed by
preferential HF etching. PI domain depth and width were found to range from 1:5 4:3 m and
2:9   12:3 m respectively, thus enabling the PI domains to overlap with waveguides. Further-
more, the PI domain size seems to be wavelength-independent from 275   305 nm while similar
to that of 244 nm.
3.2.1 Experimental procedures
The crystals investigated were 0.5 mm thick, z-cut, optical-grade, undoped CLN (Crystal Tech-
nology, Inc., US) and 5 mol% MgO:CLN (Yamaju Ceramics Co., Japan). The CW UV laser
sources used were 1) a tunable Coherent Innova Sabre DBW 25/7 argon ion laser system which
could be tuned to emit radiation at wavelengths of 275.4, 300.3, 302.4 and 305.5 nm, and 2) a
Coherent Innova 300C FreD argon ion laser which operates at 244 nm via frequency doubling.
The laser beam with Gaussian intensity distribution was focused either by a fused silica lens
(f = 37:5 mm) or by a microscope objective onto the +z face of the crystal to a spot with
radius of approximately 3 m or 0.5 m respectively. Linear UV-illuminated tracks along the
crystallographic direction and individual spot exposures were performed by scanning the sam-
ple in front of the static focused laser beam using a combination of a computer-controlled 2D
translation stage and an optical shutter. The range of the laser intensity and writing speed were
1:2   2:1 GWm 2 and 0:1   1:0 mms 1 respectively. The UV energy ﬂuence used varied from
7 120 MJm 2. After UV illumination, the crystals subsequently underwent 20 full poling cycles
(uniform poling forward and backward) by EFP using the same experimental setup as in Fig. 2.1
shown in Chap. 2. This conditioning step was applied due to the observation that the domain
wall propagation and expansion is smoother after multiple poling cycles, with no jerky domain
wall motion which is common during EFP of virgin congruent lithium niobate [Gopalan 98]. This
is attributed to the lower poling voltage required after multiple poling cycles than that of the vir-
gin crystal value [Ro 00, Brown 99], thus, ensuring a slower domain wall velocity [Nakamura 02].3 UV laser-induced poling-inhibition in LiNbO3 91
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Figure 3.1: Schematic of the sample cross section along the A-A line, as shown in the SEM
image (b1), indicating the wedge polishing at 5 (a1) before and (a2) after HF etching. b1, b2,
b3: SEM images of the etched wedge-polished PI domains to show their stretched depth proﬁle.
The PI domains are fabricated under diﬀerent conditions showing three diﬀerent quality states:
(b1) solid domains with no surface damage, (b2) scattered nanodomains, and (b3) solid domains
with a laser damaged surface. The dashed line indicates the slope change. The symbols on the
bottom right of the (b2) and (b3) images indicate the domain quality and will be used in the
rest of the text.3 UV laser-induced poling-inhibition in LiNbO3 92
The importance of a smooth and slow domain wall motion to the realisation of poling-inhibition
will be discussed in detail in Sec. 3.5.2.
After the multiple poling cycles, a slow forward poling is conducted at the lowest possible poling
voltage: the poling voltage was ramped at 0.1 kVs 1 up to 9.7 kV, while above 9.7 kV, it was
ramped up at a much slower rate of 0.01 kVmin 1 until domain nucleation is observed. Then the
voltage was always kept at a constant level throughout the poling process (the value varies from
sample to sample, but was always below 10.1 kV). The process takes typically 30 60 mins for a
10 10 mm2 sample and ﬁnally the voltage is ramped down at a rate of 1 kVs 1. The result of
this process is a uniformly poled crystal apart from the UV pre-illuminated regions where poling
has been inhibited [Sones 08].
To investigate the depth of PI domains, the crystal surface which carries the linear PI domain
was wedge-polished at approximately 5. Fig. 3.1(a1) shows a schematic of the proﬁle (A-A)
along the center of a PI line domain track along the y-axis in Fig. 3.1(b1). Then the sample
was immersed in HF acid (48%) for 3 minutes at room temperature, yielding an etched depth of
 30 nm of the  z face as shown in Fig. 3.1(a2). The brief etching can provide suﬃcient Scanning
Electron Microscope (SEM) contrast to reveal the domain structure [Sones 02] as illustrated in
Fig. 3.1(b1-3). Wedge polishing is applied here instead of common y-face polishing due to its
following advantages. Firstly, wedge polishing magniﬁes the shallow domain depth of the PI
domains by a factor of 1=tan5 = 11:43, which improves the resolution of the measurement and
is less sensitive to the edge quality as compared with direct etching of the y-face. In Fig. 3.1,
the grey dashed line indicates the change of slope. The wedge polished z-face thus reveals the
stretched depth proﬁle. The width and depth were then measured from SEM images, an example
of which is shown in Fig. 3.1(b1-3).
3.2.2 PI domains characteristics: depth, width and surface quality
Measurements of the wedge polished samples yield a plot of the depth and width of PI line
domains as a function of the writing speed using a focussed UV laser beam radius of  3 m, as
is shown in Fig. 3.2. The various data points in the plots correspond to diﬀerent writing conditions
(wavelength, UV laser intensity). It is seen that PI domains written with 300, 302 and 305 nm
(triangles, squares and pentagons respectively) have similar values of depth and width for the
same writing conditions (laser intensity, writing speed). For all the conditions used, the values
of PI domain depth and width range from 1:5   4:3 m and 2:9   12:3 m respectively. This
result shows that it is possible to fabricate PI domains with depths that match typical waveguide
dimensions. From the SEM images the PI line domains can be grouped into 3 diﬀerent types as a
function of their surface quality as shown in Fig. 3.1(b1-3): (b1)   solid domains with no surface
damage, (b2)   scattered nanodomains, and (b3)   solid domains with a laser-damaged surface.3 UV laser-induced poling-inhibition in LiNbO3 93
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Figure 3.2: The depth and width of PI line domains in undoped CLN for diﬀerent UV wave-
lengths (as measured from the SEM images of wedge polished samples) plotted as a function of
the writing speed. The data for the same intensity, together with the value of intensity, are en-
closed within the individual red curves. The red symbols correspond to various surface qualities
as in Fig. 3.1(b1-3).
For all the PI domains with surface damage, the PI domain depth is always deeper than the
damage as shown in Fig. 3.1(b3). The results of surface quality are indicated in Fig. 3.2 using the
symbols which were deﬁned in Fig. 3.1. In general, all three wavelengths result in similar surface
quality for the same exposure conditions. There is however a window of exposure conditions
that can provide solid domains with no surface damage, which is considered as optimum for
applications. At the lower limit of laser power or at the higher limit of writing speed the result is
scattered nanodomains, while too high laser power or too slow writing speed can result in solid
domains with surface damage. A measurement of PI line domain depth and width written by
244 nm has also been done. The depth is measured to be around 2.5 m for PI solid domain
with no surface damage, similar to the value obtained by the longer wavelength (300 305 nm)
here. From this result it can be concluded that the optical absorption length is not a crucial
parameter for the formation of the PI domains.
Another measurement with a wider range of writing intensity, also including the data for 275 nm3 UV laser-induced poling-inhibition in LiNbO3 94
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Figure 3.3: The depth and width versus writing intensity of PI line domains in undoped CLN,
written with wavelength of 275.4, 300.3, 302.4, and 305.5 nm, and writing speed of 1.0 mms 1
with focused beam radius of  3 m. The red line represents a linear ﬁtting of the experimental
data and the red symbols correspond to various surface qualities as deﬁned in Fig. 3.1(b1-3).
written PI line domains, is shown in Fig. 3.3. The additional data conﬁrmed the similarity of the
results written with the other four wavelengths. Additionally, they reveal that, in the investigated
range, the PI domain width and depth increase linearly with the writing intensity as suggested
by the red linear ﬁtting line, while below the lowest intensity applied as indicated in Fig. 3.3
(I < 1:24 GWm 2), no poling-inhibition was observed, thus implying a threshold intensity for
poling-inhibition to occur.
The dependence of PI domain depth and width on the energy ﬂuence was also investigated. Since
all UV writing wavelengths show very similar results regarding surface quality, depth and width,
for a speciﬁc writing condition, only results of 302 nm written PI domains are shown here. The
energy ﬂuence here can be varied by changing the writing speed while keeping the laser intensity
constant or by changing the intensity while keeping the writing speed constant. The PI domain
depth and width versus ﬂuence for a speciﬁc writing speed (1.0 mms 1) and a speciﬁc writing
intensity (1.2 GWm 2) have been plotted in Fig. 3.4 with data obtained from Fig. 3.2. The plot
reveals that the depth and width of the PI domains are much more sensitive to the intensity of
the UV laser rather than the dwell time (controlled by the writing speed).
Data of PI domain depth and width from Fig. 3.2 were also replotted as depth versus width
in Fig. 3.5. It shows that, regardless of the writing speed, writing intensity and wavelength,
all the data generally follows a linear relationship as revealed by the linear ﬁtting (red line),3 UV laser-induced poling-inhibition in LiNbO3 95
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Figure 3.4: The depth and width versus UV laser ﬂuence for 302 nm written PI line domains in
undoped CLN for a speciﬁc writing speed (triangles, 1.0 mms 1) and a speciﬁc writing intensity
(squares, 1.2 GWm 2). The data are obtained from Fig. 3.2.
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Figure 3.5: PI domain depth versus width for diﬀerent writing conditions. All the data from
Fig. 3.2, obtained with a 3 m radius Gaussian beam, are plotted together with another set
of PI domain data produced by tighter focusing to a beam radius of  0:5 m. The red lines
correspond to linear ﬁtting.3 UV laser-induced poling-inhibition in LiNbO3 96
while domain depth and width is larger with higher writing intensity. Another set of data for
PI domains was produced by tighter focusing, using a microscope objective, to a spot radius of
 0:5 m with UV wavelengths of 275 and 305 nm, writing speed of 0.01 mms 1, and various
incident powers of 5 35 mW. It however reveals that the depth/width ratio of the PI domains
is a function of the laser spot radius: the depth vs. width data obtained by tighter focussing
also follows but with a diﬀerent linear dependence as shown in Fig. 3.5. The higher slope for
the tighter focusing means that with increasing of the PI domain width, PI domain depth also
penetrates deeper into the bulk.
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Figure 3.6: Comparison of PI domain depth and width in undoped and MgO doped CLN with
the same writing condition: 275 nm, 38 mW, 0:1   1 mms 1.
Poling-inhibition in MgO:CLN has also been investigated. It was found that for the same writing
conditions the sizes of the PI domains are approximately half that of undoped CLN as shown
in Fig. 3.6. The surface quality symbols at 0.5 and 1.0 mms 1 of both crystals suggests that
MgO:CLN has a higher threshold for surface damage.
3.2.3 Thermal stability of PI domains
Many applications of domain engineered LN require operating at temperatures higher than room
temperature. Additionally, waveguide fabrication requires high temperature treatment. Conse-
quently the thermal stability of the PI domains needs to be evaluated for future applications.
The thermal stability of PI domains with and without surface damage in Fig. 3.7(a1) and Fig.
3.7(b1) respectively was investigated by post-annealing at 300C for 7 hours, followed by another3 UV laser-induced poling-inhibition in LiNbO3 97
7 mins HF etching to reveal whether the PI domains can maintain their polarisation state. The
results are shown in Fig. 3.7(a2) and 3.7(b2) which indicate that the PI domains survive the
thermal annealing.
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Figure 3.7: (a1) and (b1) SEM images of wedge-polished and HF-etched solid PI domain tracks
fabricated at two diﬀerent UV laser intensity levels. (a2) and (b2) show the same domains after
annealing at 300C for 7 hours followed by 7 mins HF etching. The dashed lines indicate the
point of slope change as a result of wedge polishing.3 UV laser-induced poling-inhibition in LiNbO3 98
3.3 Poling-inhibition under fast poling
Although all the results of poling-inhibition up to this point correspond to low-ﬁeld poling below
20.2 kVmm 1, poling-inhibition has also been observed when higher E-ﬁelds (up to 22 kVmm 1)
were used. The characteristics of the PI domains which can be obtained by high-ﬁeld poling
provide hints for the understanding of the PI mechanism. To illustrate the diﬀerence between
the PI domains obtained from low- and high-ﬁeld poling, a 0.5-mm thick sample carrying UV
laser irradiated tracks (referred to here as the latent image) has been poled sequentially at 10.1
and 11 kV. The poling process has been recorded in Fig. 3.8 using the setup shown in Fig. 2.1 as a
series of optical microscopy images. The recording time (min:sec) and poling voltage are indicated
11kV
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00:00
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15:08
03:00 07:00
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contrast trace 100 m m
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11kV
Figure 3.8: In-situ visualisation of the domain expansion and propagation. Top left corner
lists the recording time in ‘min:sec’. Bottom right corner indicates the poling voltage (if not
indicated, then it remains the same as in the previous image). The latent images can be seen
as faint horizontal lines. (00:00): preferential nucleation close to the latent image, providing
suﬃcient strain-induced contrast for observation of domain wall. (03:00 15:07): slow domain
wall expansion and propagation at low poling voltage of 10.1 kV, and from (15:07) poling voltage
is switched to 11 kV. (15:08): completion of fast poling process, yet some residual strain at the
former domain wall position remains as faint contrast. In (15:09 15:10), the residual strain
disappears. The scale bar shown in (15:10) applies to all images.
at the top left and bottom right corners respectively. The latent images of lines are visible as
faint horizontal lines in the ﬁgure due to slight surface damage and/or refractive index increase
[Mailis 03] after UV writing. The poling process which is shown in the image sequence of Fig. 3.8
is as follows: (00:00)   domain nucleation on both +z and  z face occurs preferentially at the
latent image positions under the low poling voltage of 10.1 kV [Steigerwald 10]; (03:00 15:07)  
preferential poling occurs along one of the latent image sites plus domain expansion from other
nucleation sites, i.e., from the edge of the insulating O-ring (seen on the left and right sides of the
images); (15:07)   the poling voltage is switched to 11 kV causing fast domain wall movement
[Nakamura 02] with abrupt jerky domain wall motion [Shur 05] that accomplished poling of the
whole sample in less than 1 second; (15:08)   shows faint contrasts in the former position of the3 UV laser-induced poling-inhibition in LiNbO3 99
domain wall due to the residual strain [Gopalan 00]; (15:09 15:10)   within the next 2 seconds,
this contrast disappears.
The resultant domain structures of the sample that was poled with both low- and high- poling
voltage in Fig. 3.8 was revealed by preferential HF etching and is shown in Fig. 3.9(a). The region
which is shown in the images of Fig. 3.9 is exactly the same as the one shown in the images
of Fig. 3.8. The regions enclosed in the white dashed lines correspond to poling at 10.1 kV,
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Figure 3.9: (a): the sample with PI domains poled at 10.1 kV and 11 kV in Fig. 3.8 was brieﬂy
HF etched to reveal the resultant domain structure. Enclosed in the white dashed lines are the
regions poled at 10.1 kV that can correlate to the domain state in Fig. 3.8(15:07). A, B, C in (a)
are the regions where poling voltage switched to the higher value. These areas are magniﬁed in
(A), (B), (C). To investigate the narrow PI domain proﬁle in depth, PI line domain at position
D in (a) was wedge-polished and brieﬂy HF-etched as shown in (D) with magniﬁed detail. The
white dashed lines correspond to the change of slope due to wedge polishing.3 UV laser-induced poling-inhibition in LiNbO3 100
while the rest was poled at 11 kV. Positions A, B, C in Fig. 3.9(a), where the poling voltage
was switched to 11 kV, are magniﬁed in Fig. 3.9(A-C). These images indicate that the width of
the PI domains varies from 6 m in the case of slow poling to 2 m in the case of fast poling.
The existence of PI domains with diﬀerent widths resulting from high and low poling voltages
suggests the existence of two regimes of poling-inhibition. Wedge polishing of the narrower PI
domains followed by HF etching at D position in Fig. 3.9(a) revealed its depth proﬁle in Fig.
3.9(D) and in the magniﬁed detail. The depth proﬁle shows that the narrower PI domain has
a depth of about 300 nm. Furthermore, apart from this superﬁcial PI domain, a buried etch-
frustrated region (dense nanodomains) was also found at a depth of 4.4 m as shown in Fig.
3.9(D). The position of this buried dense nanodomain region is similar to the end of the wider
PI domains. A comparison between fast and slow poling applied in samples which had been
inscribed with the same latent images is shown in Fig. 3.10. The SEM images shown in Fig.
3.10 correspond to the wedge polished and etched samples which are slow poled (a1.0, a0.5 and
a0.1) and fast poled (b1.0, b0.5 and b0.1). The numbers ‘1.0’, ‘0.5’, and ‘0.1’ after the letter
correspond to the writing speed in mms 1. Comparing the set with the same writing speed
(a1.0 b1.0, a0.5 b0.5, a0.1 b0.1), it reveals that the buried etch-frustrated nanodomains as a
result of the fast poling are located at a similar depth to the PI domains resulting from the slow
poling, and follow the same trend that slower writing speed results in deeper buried domains.
The magniﬁed region of the buried nanodomains in Fig. 3.10(c) show that their density varied
with depth but there is always a region where the density is high enough to make them useful
in waveguide applications, which is later revealed to be composed of dense nano lines along the
z-axis in Fig. 3.11.
Furthermore, Fig. 3.11(a1-3) shows that, for some writing conditions, only the etch-frustrated
regions were formed but not the superﬁcial PI domains after the fast poling process. Thus, it
suggests that the etch-frustrated region seems to have an even higher energy barrier than that
of the superﬁcial surface PI domains. The detail of the etch-frustrated region in Fig. 3.11(a1-3)
was magniﬁed in Fig. 3.11(b1-3) which show that the very dense domain is actually made of
dense regular nano line domains along the z-axis (any features in the wedge polished regions
revealed the proﬁle in depth). Fig. 3.12 shows the dependence on the writing speed of the nano
line average separation measured at the densest part (along the red line in Fig. 3.11), which
reveals that slow writing speed leads to denser nano lines.3 UV laser-induced poling-inhibition in LiNbO3 101
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Figure 3.10: PI domains for the same writing conditions but poled at a low poling voltage
of 10 kV in (a1.0-0.1) and high poling voltage of 11 kV in (b1.0-0.1). Wedged-polishing (with
dashed line indicating the slope change) and brieﬂy HF etching revealed the PI domain depth
proﬁle. The number after ‘a’ and ‘b’ indicates the writing speed in mms 1. (c1.0-0.1) illustrate
the magniﬁed images of the buried PI domains in (b1.0-0.1), suggesting that the etch-frustrated
region as shown in Fig. 3.9(D) can be very dense.3 UV laser-induced poling-inhibition in LiNbO3 102
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Figure 3.11: (a1-3): fast-poled PI domains, written with 300 nm, 35 mW and various writing
speeds of 0.1, 0.2, 0.5 mms 1 respectively with 3 m beam radius, were wedge-polished (below
the dashed line) and brieﬂy HF etched. Only the buried etch-frustrated part of PI domains
was formed with no superﬁcial PI domain as shown in Fig. 3.10(b). (b1-3) shows the magniﬁed
etch-frustrated region of (a1-3) revealing the dense nano lines along the z-axis which actually
compose the ‘solid’ buried PI domain. The red line indicates where the average separations of
the nano lines are measured.
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Figure 3.12: Dependence of the nano line average separation on the writing speed of the buried
PI domains measured at the densest part (red line) in Fig. 3.11. Insets illustrate the SEM images
from which the data points were obtained.3 UV laser-induced poling-inhibition in LiNbO3 103
3.4 Proposed mechanism
Explanation for poling-inhibition involves the understanding of electron and hole excitations,
and ion (lithium ions and protons) activation, along with their transport in the crystal during
UV heating and subsequent cooling. Here the following mechanism is proposed. The UV radia-
tion is strongly absorbed within a small volume close to the surface of the crystal causing the
temperature to increase. The temperature on the illuminated surface can be as high as the melt-
ing point  1250C, reducing rapidly with depth, thus producing a large temperature gradient.
Under this temperature distribution, Li ions migrate by diﬀusion but also under the inﬂuence
of the pyroelectric ﬁeld which is formed in the heated volume. Li diﬀusion produces a primary
Li deﬁcient region with a depth of a few hundreds of nanometers. However, the strength of the
pyroelectric ﬁeld which varies with the depth (due to the presence of the temperature gradient)
further redistributes the migrated Li ions to produce a secondary minimum of Li concentration,
this time below the surface of the crystal. Due to the higher coercive ﬁeld corresponding to the
lower Li ion concentration, the Li deﬁcient region inhibits the domain wall propagation during
poling. The combined eﬀect of the two Li deﬁcient regions is responsible for the diversion of the
propagating domain wall during the slow poling. However, the complex Li ion redistribution is
resolved during fast poling, producing the buried PI domains which were presented in Sec. 3.3.
3.4.1 Temperature distribution
The temperature distribution which is formed as a consequence of the UV irradiation of the
crystal will be considered ﬁrst. The model which was presented in [Muir 06] shows that the
temperature distribution is of a much larger scale as compared to the absorption length of
the laser radiation in the material. That model suggested that for suﬃciently low writing speed
 0:2 ms 1, the temperature distribution is independent of the writing speed. Fig. 3.13 presents
the simulated temperature distribution along x (lateral) and z (depth) axes from illuminated
point (0;0) for various absorption coeﬃcients from 105 m 1 to 109 m 1 at a writing power of
31.7 mW, and laser beam radius of 3 m. The graphs reveal that for absorption coeﬃcients from
1:8107 m 1 to 109 m 1, the temperature proﬁle along x and z is almost the same. The choice
for the power of 31.7 mW is due to the fact that for this power the peak temperature is exactly
at the melting point of LN (1520 K) for the absorption coeﬃcient at 244 nm of 3  108 m 1.
Above this melting point, the crystal becomes liquid and the model is no longer valid.3 UV laser-induced poling-inhibition in LiNbO3 104
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Figure 3.13: Simulated temperature distribution along x and z-axes induced by a static spot
of UV illumination at (0;0) position with a writing power of 31.7 mW, writing beam radius of
3 m and various absorption coeﬃcients.
3.4.2 Migrating charges
The next step is to consider all the charges and ions that can be excited and activated during
UV writing, and how they can attribute to the PI eﬀect. It is proposed in this section that the
coercive ﬁeld increase due to the Li deﬁciency is the main mechanism responsible for PI, while
photoexcited electrons provide the charge compensation for the Li migration.
Electrons and holes
Electrons and holes can be excited both optically and thermally during UV writing. Optically,
UV light with photon energy ranging from 4.066 eV (305 nm) to 5.082 eV (244 nm) can excite
electron-hole pairs directly across the band-gap of 3.78 eV [Dhar 90] and can also excite electrons
from the defect levels (Fe2+). The volume where the UV absorption occurs can thus act as a
source of photo-excited charges. Thermally, electrons can be excited from the trapped levels
(Fe2+) [Carrascosa 93]. Additionally with decreased Li+ concentration due to Li+ diﬀusion, the
electron density can also increase locally in the Li deﬁcient volume via the reduction process
[Huang 94]   lithium niobate is basically an n-type conductor at high temperature [Smyth 83,
Jorgensen 69]. The excited electrons and holes can migrate by diﬀusion, or drift.3 UV laser-induced poling-inhibition in LiNbO3 105
Lithium ions and protons
Due to the high temperature and the steep temperature gradient that is formed during UV
writing, H+ and Li+ ions with activation energy of 1.23 eV [Klauer 92] and 1.55 eV [Mehta 91,
Birnie 93] respectively can become mobile within the heated volume and move under the inﬂu-
ence of the temperature gradient. Any migration of positive charges can be readily compensated
by photo- or thermally-excited electrons.
In undoped CLN crystals grown by the Czochralski method, hydrogen is often present, with
a concentration of about 5:65  1018 cm 3 [Klauer 92]. Recent H1 nuclear magnetic resonance
(NMR) measurement determined that protons can substitute Li+ ions and locate on the longest
O O bond (336 pm) within the oxygen triangle nearest to the substituted Li site [Kong 00].
Within the temperature range of 80 600C, proton migration has been conﬁrmed and diﬀusion
of protons was suggested to be accomplished by jumping to the nearest O2  ion from its previous
bound position close to an oxygen [Klauer 92]. The activation energy and the pre-exponential
diﬀusion constant of protons in undoped CLN have been derived from the measurement of
the electrical dark conductivity in [Klauer 92]. The side-diﬀusion of protons under the high
temperature and large temperature gradient produce a local proton deﬁcient volume at the
surface with an accumulated proton-rich region in depth. It has been reported that proton
exchange (PE) can increase the poling voltage for undoped CLN, the proposed mechanism being
that the exchanged PE:LN layer is less conductive than the virgin crystal and hence acts as an
isolating ﬁlm in the surface layer when the crystal is exposed to EFP. Thus, polarisation reversal
is selectively inhibited by means of PE, at least for a ﬁeld below 22.6 kVmm 1 [Grilli 06]. Similar
to the case of proton exchange, with accumulated diﬀused protons in depth, the required local
poling voltage might increase as well which can also contribute to the poling-inhibition. However,
considering the 4 orders of magnitude lower concentration of protons in undoped CLN compared
to that of proton exchange in [Grilli 06] in which most Li+ ions were exchanged and even the
ferroelectric property was lost, the contribution of the diﬀused protons in undoped CLN to the
poling-inhibition can be safely ignored.
It was suggested that Li ions diﬀuse via hopping through Li vacancies [Birnie 93]. In undoped
CLN crystals, about 4% of the Li sites are empty [Iyi 92]. Due to the steep temperature gradient,
it is expected that most Li+ ions, at the illuminated regions, diﬀuse sidewards and inwards within
the bulk as suggested in [Muir 06] instead of out of the crystal as Li2O. The Li2O out-diﬀusion
commonly observed after Ti-indiﬀusion for waveguide fabrication [Ranganath 77], has a much
higher activation energy of around "act  3 eV [Carruthers 74, Wood 81] compared to that of
side-diﬀusion  1:55 eV [Mehta 91, Birnie 93]. Thus, Li outdiﬀusion might occur only at the very
top layer within nanometers of the surface at the highest temperature. Hence, Li side-diﬀusion
leads to a Li deﬁcient volume at the surface as is schematically illustrated in Fig. 3.14(a). Fig.
3.14(b) shows the lithium concentration proﬁle at x = 0 along the z-axis, and the corresponding3 UV laser-induced poling-inhibition in LiNbO3 106
coercive ﬁeld proﬁle which is related to the concentration of Li ions [Bermúdez 00]. This suggests
that the Li-deﬁcient volume formed locally at the illuminated surface, having higher coercive
ﬁeld, can contribute directly to the poling-inhibition.
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Figure 3.14: (a): Schematic of the Li ion concentration distribution under the temperature
gradient induced by a static spot UV illumination of the +z face at (0;0) position. The UV
illumination results in a Li deﬁcient volume close to the surface. The arrows indicate the polar-
isations of the sample and L.B. stands for laser beam. (b): the lithium concentration at x = 0
along z-axis is represented by the red curve and the corresponding coercive ﬁeld Ec variation
by the black curve.
3.4.3 Transport mechanism
Diﬀusion
Based on the proposed mechanism of Li ion migration, a diﬀusion model has been developed,
assuming the photo- and thermally-excited electron concentration is suﬃcient to provide charge
compensation. The model simulates the positive ion diﬀusion under a peak temperature dis-
tribution, induced by a static spot illumination of a Gaussian beam onto the crystal surface,
for a reasonable period of time depending on the writing speed. A static illumination model is
applied here instead of a moving illumination source model which was actually conducted in
the experiment. This is because for suﬃcient low writing speed  0:2 ms 1, the temperature
distribution is writing speed independent [Muir 06], thus, a moving light source is equivalent to
a static light source lasting for a speciﬁc period of time. The peak temperature distribution was
derived with the method developed in [Muir 06], while the diﬀusion kinetics follow the diﬀusion
equation of [Muir 06]
ct = r2(Dc) (3.1)
D = D0 exp( "act=kBT)
where c is the positive ion concentration; t is the time; D is the diﬀusion coeﬃcient; D0 is the
pre-exponential diﬀusion constant; "act is the activation energy; kB is the Boltzmann constant;
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Consider two-dimension x-z Cartesian coordinates, with origin at the static UV illuminated
position and the z is the length in crystal depth. Thus,
r2 = @2
x + @2
z
Let u(x;z;t) = D(x;z)c(x;z;t), therefore, ct = (@2
x +@2
z)u. Since D(x;z) is not time dependent,
times () a D(x;z) on the both sides derives
ut = D(@2
x + @2
z)u (3.2)
Then, the Crank-Nicolson method together with the Alternating Direction Implicit (ADI) method
was used to numerically solve the diﬀerential equation. The diﬀusion of Li ions are simulated and
the parameters for modelling are: pre-exponential diﬀusion constant D0 = 5:1  10 1 cm2 s 1
[Mehta 91, Birnie 93], and activation energy "act = 1:55 eV [Mehta 91, Birnie 93]. Fig. 3.15 il-
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Figure 3.15: The simulated time-dependent diﬀusion process of Li+ ions at x = 0 along the
z-axis under the temperature distribution simulated with writing power of 31.7 mW and 3 m
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lustrates the simulation result of a time series for Li+ ion diﬀusion proﬁles in depth at diﬀerent
diﬀusion times, driven by the temperature distribution obtained from simulation with UV writing
power of 31.7 mW and beam radius of 3 m [Muir 06]. It shows that even after 0.1 s of diﬀusion
time, which is much longer than the actual diﬀusion time of milliseconds during UV writing, Li+
ions diﬀuse into the depth only about a few hundred nanometers only. Thus, comparing such
shallow diﬀusion of Li ions with the PI domain depth of microns, it suggests that Li diﬀusion
alone cannot be the only mechanism for PI. Another mechanism for Li transport further into
the depth should be responsible, and it is suggested here that it can be the photovoltaic eﬀect
or the pyroelectric eﬀect. The photovoltaic eﬀect is negligible at high temperatures close to the
Curie temperature. Therefore, the other possible driving force for Li transport further into the
depth, which can produce the second Li deﬁcient region, is proposed to be the pyroelectric ﬁeld.
Pyroelectric ﬁelds and pyroelectric drift
Ps
heated
(a)
light illumination
Ps Ps Ps
Epyro
(b)
cooled
Ps Ps Ps Ps
Figure 3.16: (a): absence of pyroelectric ﬁeld during UV illumination in the heated volume
due to the photoconductivity. (b): due to the absence of light and recovery of polarisation,
the pyroelectric ﬁeld increases in the cooled volume. The pyroelectric ﬁeld is along the  z
direction. The black and red ‘+; ’ correspond to surface charges of the electric dipole and the
compensating charges respectively.
In the absence of charge compensation, the pyroelectric ﬁeld would be of the order of Ps=0r,
where r is the relative dielectric constant. For the spontaneous polarisation of LN crystals,
Ps  7  10 5 Ccm 2, and r  30, this net pyroelectric ﬁeld would be above 107 Vcm 1 lead-
ing to electrical breakdown. During UV light illumination, the charge compensation by electrons
however strongly diminishes the pyroelectric ﬁeld. Importantly, the charge compensation pa-
rameter is t0=tM, where tM = 0r=ph is the Maxwell relaxation time; t0 = beam radius/writing
speed is the characteristic time of the temperature changes; and ph is the photo-conductivity.
ph can be estimated as ph = egee, where g = 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be measured in cm 3 s 1; e is the mobility of electrons; and e is the recombination lifetime of
electrons. Correspondingly, the characteristic pyroelectric ﬁeld can be estimated as
Epyro = 2PstM=0rt0 (3.3)
It is expected that due to the electrons compensating of polarisation charges during UV light
illumination, the eﬀective pyroelectric ﬁeld is much smaller than the net pyroelectric ﬁeld be-
cause tM  t0. Thus, Li ion transport under the pyroelectric ﬁeld during UV writing can be
ignored. However, upon blocking the UV illumination, the local heated crystal volume cools
down and regains the former spontaneous polarisation, while with conductivity switching from
photoconductivity to the much lower dark conductivity, the pyroelectric ﬁeld due to the recovery
of polarisation is not compensated and can then become considerable. The pyroelectric ﬁeld dur-
ing and after UV illumination is illustrated in Fig. 3.16(a) and (b) respectively. The pyroelectric
ﬁeld Epyro after UV illumination is along the  z axis as indicated in Fig. 3.16(b), thus, can
cause the Li ions to drift further into the depth.
It should be noted that both diﬀusion and the pyroelectric eﬀect are cylindrically symmetric
along the z-axis and the incident beam. This symmetry is reﬂected upon the shape of the
resultant PI domains. Fig. 3.17 shows an (a) SEM and a (b) PFM image of a dot PI domain
that illustrates this symmetry feature. The PI domain was fabricated by static irradiation of
the surface with a Gaussian beam. The regular circular feature (red dashed circle) in Fig. 3.17
correlates perfectly to the cylindrical-symmetric laser beam, and is most suitable for direct-
writing lithography applications.
+ face z
−z face
preferential face etching z PFM detected phase signal
+ face z
− face z
(a) (b)
1 m m 1 m m
Figure 3.17: PI dot domains were fabricated by the PI process of a static illuminated region
with a Gaussian beam. The PI domain features were revealed by (a) HF etching and (b) PFM.
The red dashed circles well ﬁt the circular outline and the central melted layer.3 UV laser-induced poling-inhibition in LiNbO3 110
Exclusion of space charge ﬁeld
Finally, it should be noted that a possible contribution of a space charge ﬁeld to the poling-
inhibition should be excluded. Poling-inhibition can be realised in 5 mol% MgO:CLN crystals
with high dark electronic conductivity, thus any possible space charge distribution would decay
in seconds [Ying 09], and not remain until the subsequent EFP. Additionally, the irrelevance of
a space charge ﬁeld to the poling-inhibition was also conﬁrmed by annealing of the latent image
before the EFP process. It is expected that annealing the crystal at 250C for 1 hour can activate
both protons and electrons in the crystal and compensate any space charge ﬁeld (both proton
and deep trapped electrons are mobile at temperatures higher than 230C [Carrascosa 93]).
Thus, after fabricating the latent image by UV writing, one sample has been placed in a furnace
for 1 hour at 250C. After a slow EFP process, both preferential HF etching and PFM veriﬁed
that PI domains still exist which conﬁrms the irrelevance of a space charge ﬁeld (and actually
also protons) to the poling-inhibition [Steigerwald 10]. The most convincible clue might come
from the PI domains developed from the post-light-illuminated latent image. A sample with a
(a)
(b) PI domain developed from unilluminated latent image
PI domain developed from illuminated latent image
3 m m
3 m m stretched depth profile
stretched depth profile
+ face z
−z face
+ face z
− face z
Figure 3.18: PI domains were developed from latent images (a) with and (b) without a post-
illumination process before the subsequent EFP. The PI domains were wedge-polished and
HF-etched to reveal the domain structure. The light illumination of latent image was via a CW
457.9 nm argon ion laser light at an intensity of 10 mWcm 2 for hours. It reveals that in both
cases, the PI domain size is basically the same.
latent image was placed in DI water and uniformly illuminated with a CW 457.9 nm argon ion
laser light at an intensity of 10 mWcm 2 for hours to eliminate any space charge ﬁeld. Then
with a standard poling-inhibition process, the PI domain structures were revealed by HF etching
as shown in Fig. 3.18. It shows that latent images with or without a post-illumination led to
the same PI domain size that safely excludes the relevance of any space charge ﬁeld to the
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In summary, it was proposed that UV writing of the +z face of LN crystal induces a local heating
of the crystal and leads to a redistribution of Li+ under both diﬀusion and pyroelectric ﬁeld.
Two Li deﬁcient regions on the surface and in depth respectively are then formed with higher
coercive ﬁeld so that if the domain wall kinetic energy is not high enough, they can inhibit the
local poling process and therefore resulting in PI domains.
3.5 Discussion
3.5.1 Similarity of results for 244   305 nm
Based on the proposed mechanism, several experimental observations of PI domain size can be
explained by the simulation of Li diﬀusion and the estimation of Li drift under the inﬂuence of
the pyroelectric ﬁeld for the high temperature distribution calculated in [Muir 06].
The Li deﬁciency, as the proposed mechanism for PI, is induced by diﬀusion and the pyroelectric
ﬁeld, both of which are initialised by the temperature distribution. Therefore, the similarity of
PI domain sizes resulting from the use of short and long UV wavelengths suggests a similar
temperature distribution for the entire range of applied wavelength as a premise for the further
discussion of the mechanism, i.e., the absorption coeﬃcients are all larger than 3:2  106 m 1
as shown in Fig. 3.13. It seems at ﬁrst glance to contradict the literature as listed in Table 1.2
which shows that the absorption depth at the longest wavelengths can be of order a few microns.
However, the eﬀective absorption depth of UV light is also a function of temperature. As indicated
in [Redﬁeld 74], the higher the temperature, the higher the absorption at a speciﬁc wavelength;
for example, at a wavelength of 305 nm with photon energy of 4.065 eV, the absorption coeﬃcient
of CLN at 469 K is almost 1 order of magnitude higher than that at 300 K. Thus, the eﬀective
absorption coeﬃcients in the heated LN crystal during UV writing might be much larger than
the values quoted in the literature and the UV absorption coeﬃcients throughout the range of
UV wavelengths used is expected to be > 3:2  106 m 1. This is also supported by the fact
that for the entire wavelength range from 244 nm to 305 nm, the writing intensity required for
poling-inhibition is the same within 10% which means that the same power level was used to
heat a similar volume to a point at which PI can occur.
The next task is to estimate the depth of the PI domains which are created as a result of
the temperature distributions. It can be reasonably expected that the resultant diﬀused Li ion
distribution is pretty much dependent on the region of relatively low temperature ( 500C).
The very surface temperature diﬀerence indicated in Fig. 3.13 for absorption coeﬃcients of
3:2  106 m 1 and > 1:8  107 m 1, where the temperature is yet high (> 700C along z), is
not expected to shift the diﬀused Li ion distribution too much. Fig. 3.19 shows the simulated
result of diﬀused Li ions under the absorption-dependent temperature distribution with writing3 UV laser-induced poling-inhibition in LiNbO3 112
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Figure 3.19: Simulated lithium ion concentration (normalised) along z-axis with writing con-
dition of 31.7 mW writing power, 0.1 mms 1 writing speed and 3 m Gaussian beam radius
for absorption coeﬃcients of 3:2  106 m 1 and > 1:8  107 m 1.
speed of 0.1 mms 1. It exhibits that although absorption coeﬃcients of 3:2  106 m 1 and
> 1:8107 m 1 result in diﬀerent temperature values at the high temperature region as shown
in Fig. 3.13, it does not aﬀect too much the ﬁnal Li ion distribution along the z-axis. More
importantly, the corresponding Li deﬁcient regions (Li < 1), which have a higher coercive ﬁeld,
are almost the same. Finally, notice that the diﬀusion results are derived under the assumption
that the photo- or thermally-excited electrons are suﬃcient to provide the charge compensation
or in other words, the electron conductivity is larger than the ionic conductivity Li anywhere
in the diﬀused region.
As the diﬀusion depth of Li ions is less than 300 nm, it is necessary to consider any other
mechanism that can push the lithium distribution further below the surface. The pyroelectric
drift is being proposed here. As discussed in Sec. 3.4.3, during cooling, the Li ions can be further
driven into the depth by the pyroelectric ﬁeld. Fig. 3.16 shows a simple illustration assuming an
instantaneous blocking of the UV light just to illustrate the origin of the pyroelectric ﬁeld and
how it can drive Li ions into the depth. In reality, instead of a sudden block of light illumination,
the crystal actually suﬀers a gradual decrease of light illumination during the removing of the
laser beam and cooling. Therefore, the characteristic pyroelectric ﬁeld is still photoconductivity
dependent as
Epyro(z) =
2[Ps   Ps(z)]
[ph(z) + d(z)]t0
(3.4)
where d(z) is the dark conductivity from thermally-excited electrons. Considering the position
dependence of Ps(z) and ph(z) along the depth, a local maximum of the pyroelectric ﬁeld in
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Li deﬁcient region separate from that on the surface which is formed due to the diﬀusion. From
the previous discussion, all the parameters in Eq. 3.4 of the pyroelectric ﬁeld are independent of
the wavelength apart from the photoconductivity ph(z) which is determined by the absorption
coeﬃcient. Thus, in order for the deep Li ions to drift the same distance under the pyroelectric
ﬁeld for all the wavelengths used in the experiments, the wavelength dependence of ph(z) should
also be eliminated after approximately a PI depth of 2 m. This is actually supported by the
premise that the absorption coeﬃcient for all wavelengths used in the experiments is high enough
to result in a similar temperature distribution. Thus, in this case, beyond the depth of  2 m
the conductivity in Eq. 3.4 is dominated by the dark conductivity and can lead to the same
value of pyroelectric ﬁeld for the entire wavelength range. The charge compensation of the Li is
provided by the thermally (instead of photo-excited) electrons. Thus, it can result in the same
pyroelectric drift of Li ions beyond a depth of 2 m and produces a second Li deﬁcient region
in depth apart from that on the surface due to diﬀusion. The existence of a second Li deﬁcient
region is supported by the fast poling experimental results shown in Sec. 3.3 and discussed in
Sec. 3.5.2.
In summary, the explanation for the uniformity of the PI domain sizes for all the range of UV
wavelengths used is based on the assumption that the absorption coeﬃcients for wavelength from
244 to 305 nm is high enough to 1) lead to a similar temperature distribution and 2) provide
negligible photoconductivity in depth. The PI depth is determined by the deeper Li deﬁcient
region induced by the pyroelectric eﬀect.
3.5.2 Fast-poled PI domain structure
The above detailed discussion of Li transport under diﬀusion and the pyroelectric ﬁeld can also
be used to explain the results of fast poling which were presented in Sec. 3.3. Due to a local
maximum of Epyro(z) in depth, another Li deﬁcient volume can be formed below the surface of
the crystal as discussed previously.
Hence there are two separate Li deﬁcient volumes, one located very close to the surface due
to direct diﬀusion of Li under the inﬂuence of the temperature gradients and the second due
to drift of the redistributed Li under the inﬂuence of the pyroelectric ﬁeld. This complex Li
concentration proﬁle can explain the PI domains which were observed in fast poling experiments
and were shown in Fig. 3.10.
The two Li deﬁcient regions due to the diﬀusion and pyroelectric ﬁeld are schematically il-
lustrated in Fig. 3.20 with the dashed half circle and a full circle respectively. In the case of
slow poling, the surface and deeper Li deﬁcient volume deﬁnes the PI domain width and depth
respectively as indicated in Fig. 3.20(a). In the case of fast poling however, after the local
propagation-inhibiting of the domain wall in Fig. 3.20(a), the domain wall, due to the higher3 UV laser-induced poling-inhibition in LiNbO3 114
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Figure 3.20: Illustration of possible domain wall propagation during slow and fast poling. (a):
In the case of slow poling the surface and deeper Li deﬁcient volume deﬁnes the PI domain
width and depth respectively. In the case of fast poling (b1, b2, b3) the applied E-ﬁeld encour-
ages further expansion of the domain wall which can now resolve the two separate Li deﬁcient
volumes. The width of surface PI domain in this case is observed to be deﬁned by the surface
damaged region.
domain wall kinetic energy, bends inwards as shown in Fig. 3.20(b1) and (b2), merges again
and approaches the diﬀusion-induced Li deﬁciency at the surface as shown in Fig. 3.20(b3),
thus resolving the complex Li distribution proﬁle. Fig. 3.20(b) also illustrates the experimental
observation in Fig. 3.9(D) and 3.10(b) that the width of the surface PI domain is deﬁned by the
surface damaged region. Therefore, it suggests that the proposed mechanism based on the two
regions of Li deﬁciency induced by diﬀusion (shallower) and pyroelectric ﬁeld (deeper) can ex-
plain the domain structures observed in the case of fast poling: the narrower surface PI domain is
due to the diﬀusion-induced Li deﬁciency, while the etch-frustrated region in depth (dense nan-
odomains) is due to the pyroelectric-induced Li deﬁciency, which also explains its similar depth
to the slow-poled PI domains because of their same origin of the deep pyroelectric-induced Li
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3.6 Future work
One of the future tasks is to further investigate the proposed mechanism. The best proof of
the mechanism that was presented in the previous section would be to directly measure the
Li proﬁle of a latent image. Direct detection of lithium using standard analytical techniques is
very challenging due to the fact that Li is a light element. The Li concentration proﬁle however
might be measured using Raman spectroscopy by monitoring the width of the Li related Raman
line [Chen 01, Zheng 04, Kostritskii 05]. Post-annealing of the latent image can provide some
further clues. By annealing a latent image at various temperatures (100C, 200C, 300C etc.)
for diﬀerent time periods, uniformisation of the Li distribution can occur. Via measuring the
sizes of the resultant PI domains which is actually a direct reﬂection of the Li distribution
after post-annealing, it can reveal 1) at what temperature, the Li re-distribution occurs and 2)
how the re-distribution develops with the annealing time. Additionally, to support the proposed
mechanism even further, the following experiments are proposed. A far infrared laser (CO2)
300 m m 300 m m
(a) (b)
Figure 3.21: Micro-structures of (a) coupler and (b) ring developed from HF-etching of PI
curve domains.
can be used instead of a UV laser to induce inhibition of poling because the temperature-
induced Li ion transport is proposed as the main mechanism. The CO2 laser, which emit at
a wavelength of 10.6 m, can also lead to local surface heating close to the melting point
of the CLN crystal. Although the absorption coeﬃcient at 10.6 m at room temperature is
rather small (5  103   1  104 m 1 [Li 00]) the temperature dependence of the absorption
coeﬃcient [Redﬁeld 74] might provide substantial absorption to obtain temperatures similar to
the ones obtained in the UV case. The depth of the PI domains makes them useful in waveguide
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including buried waveguides and bulk devices. Therefore further work into ﬁnding methods for
extending the depth of these domains should be done. Furthermore, the PI domain structures
can be used as etch stops for the fabrication of surface relief structures such as ridges. These ridge
structures can act as waveguides (due to the UV irradiation step [Mailis 03, Ganguly 09]) and
can be shaped to form single channels, couplers, interferometers or even resonant structures such
as ring or disc resonators. Some examples of such structures that have already been produced
using PI methods are shown in Fig. 3.21.
3.7 Summary
In summary, UV-laser induced poling-inhibition provides a new approach for domain engineering
in lithium niobate. The process is straightforward and simple, not involving any clean room
environment. Any domain structures can be directly deﬁned by direct UV laser writing followed
by EFP. Longer wavelengths (275, 300, 302, 305 nm), diﬀerent from the earlier work of 244 nm,
has been applied to realise poling-inhibition under a range of diﬀerent writing conditions of
wavelength, writing intensity and writing speed in undoped and MgO doped CLN. The PI domain
depth and width have been then measured by wedge-polishing followed by HF acid etching. The
results indicate a similarity between the wavelengths of 275   305 nm regarding PI domain
depth, width and surface quality. Writing intensity turns out to be the most sensitive parameter
while writing speed is eﬀectively unimportant. Also, the relationship between domain depth and
width are investigated under two diﬀerent focusing conditions. Compared with 244 nm written PI
domains, the depth given by longer wavelength are not deeper but similar. Fast poling of latent
images reveals some buried PI domains. A possible mechanism of poling-inhibition, based on Li
deﬁciency induced coercive ﬁeld increase, has been proposed. The Li deﬁciency is due to both the
diﬀusion and the pyroelectric ﬁeld. Due to the short diﬀusion range of hundred of nanometers,
the PI size or more speciﬁcally, the PI depth, is determined mainly by the pyroelectric drift.
The proposed mechanism along with a heating model of the crystal suggested a high absorption
coeﬃcient for all the applied wavelengths which successfully explained some experimental results
obtained.References 117
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Characterisation of UV-written channel
waveguides in LiNbO3
4.1 Introduction
Lithium niobate (LiNbO3) is a versatile optical material commonly used in photonics as an
appropriate platform for implementation of integrated optical circuits [Sohler 08] because of its
high electro-optic, acousto-optic and nonlinear-optic coeﬃcients [Weis 85]. Metal ion indiﬀusion,
proton exchange, and ion-implantation are the techniques most widely used to fabricate waveg-
uides in (LN), which are a basic building block in optical integrated circuits (OICs). UV-writing
of optical waveguides [Mailis 03, Gallo 07] is a recent addition to this list of fabrication processes
for this substrate, and oﬀers a direct writing facility that obviates many fabrication steps of the
former techniques. Direct writing of single- and multi-mode graded-index channel waveguides in
congruent LiNbO3 has been demonstrated using CW laser light at a writing wavelength of 244 nm
[Mailis 03]. Since its inception, the UV directly written waveguide procedure has held consid-
erable promise because of its single-step process which is well suited for complex micro-optical
devices such as micro-opto-electromechanical systems (MOEMS), where photolithography for
waveguide fabrication becomes challenging [Sones 02a]. It was proposed that the formation of
UV-written waveguides is due to the high optical absorption of LN at ultraviolet wavelengths
and hence the high temperatures induced near the surface [Muir 06]; side-diﬀusion of lithium
then takes place which in turn induces an increase of the extra-ordinary index of refraction
[Schlarb 93], and this process has been modeled in [Muir 06]. Thus, after the ﬁrst demonstration
of direct UV-written waveguides in LN, a full characterisation is required for future application
in photonics.
An outline of the processes that will be discussed in this chapter is presented schematically in
Fig. 4.1. Direct writing of graded-index channel waveguides in undoped congruent LN using
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Figure 4.1: Schematic outline of the work which is presented in this chapter and its distribution
in subsections. (RI = refractive index; EO = electro-optic; " = value increased; ! = ‘derives’.)
CW UV laser light within a writing wavelength range of 275   305 nm has been investigated.
The channel waveguides were fabricated by focused laser direct writing on the +z face of the
crystal. For all UV writing conditions reported here single-mode waveguides for 632.8 nm were
produced. The mode indices and refractive index proﬁles were then determined simultaneously
from the measured near-ﬁeld intensity proﬁles, and then the maximum refractive index change
was calculated. The results reveal that for optimum writing conditions a maximum refractive
index change of  0:0026 can be achieved at 632.8 nm. A white light laser-supercontinuum
source has been used for the investigation of the spectral response of the waveguides. The spec-
tral data was used to determine the various regimes of waveguide operation from multimode
to cut-oﬀ. It has been observed that an optimum writing condition for these waveguides exists
where the refractive index change is maximised and hence the cut-oﬀ wavelength of the waveg-
uide shifts to longer wavelengths. The experimental study was also extended to the electro-optic
properties of these waveguides. Measurements of mode-width, mode-depth, and refractive-index
change of waveguides with various applied voltages, and ﬁnally direct interferometric measure-
ments of the electro-optic coeﬃcient of waveguides written at diﬀerent UV wavelengths revealed
that electro-optic response of the waveguide reduces with increasing recording wavelength, with
275 nm written waveguides having the highest electro-optic response (31 pmV 1) compared to
waveguides written with 300, 302, and 305 nm light. As the writing conditions of waveguides
are close to that for poling-inhibition as discussed in Chap. 3. LN substrates with UV-written
waveguides on +z face have been poled to form local poling-inhibited domains [Sones 08] that
overlapped with the waveguide. It was observed that poling-inhibition results in a signiﬁcant
enhancement of the refractive index contrast between the bulk crystal and the UV irradiated
tracks. Finally, the fabrication of ridge waveguides has been demonstrated as a result of HF
etching of poling-inhibited waveguide channels.4 Characterisation of UV-written channel waveguides in LiNbO3 123
4.2 UV-writing of waveguides
The LN crystals investigated here are 0.5 mm thick, optical graded, z-cut, undoped congruent LN
from Crystal Technology Inc. (US). Direct laser writing on LN was achieved using a Coherent
Innova Sabre 25/7 argon ion laser that delivered continuous wave (CW) output at 275, 300,
302, and 305 nm wavelengths with a maximum power of 200 mW. The laser beam was focused
by a fused silica lens (focal length: 37.5 mm) onto the crystal surface to a spot with a radius
of approximately 3 m at the focal point. Channel waveguides were written on +z face of
the crystal by scanning the sample via a computer-controlled 2D translation stage, along the
crystallographic y-axis at diﬀerent laser beam powers (35 60 mW) and diﬀerent writing speeds
(0:1 1:0 mms 1). The UV energy ﬂuence varied from 0:7 12:7 kJcm 2. The crystals were pre-
conditioned by performing ﬁve poling cycles (one cycle being a forward and subsequent reverse
domain inversion process) before the writing. Following the direct writing, all the waveguides
were edge-polished and used for characterisation. It is most important that the waveguide end-
face is polished to enable optical coupling.
4.3 Mode and refractive index proﬁles
4.3.1 Theory for the determination of the refractive index proﬁle
The mode index and the refractive index proﬁles of the waveguide cross-section are important
characterisation tasks. The mode index is deﬁned as the eﬀective refractive index of the waveguide
mode which is an important parameter of single-mode channel waveguides and is an essential
input for design consideration for several basic components of OICs, such as directional couplers
and Y-junctions. Accurate determination of refractive index proﬁles and mode indices, as a
function of fabrication parameters, is therefore fundamental for characterising waveguide optical
properties.
A non-destructive method was used to estimate the refractive index distribution in a waveguide
from its mode ﬁeld intensity proﬁle. It requires no previous knowledge of the shape of the
refractive index distribution, and does not require the waveguide to have any kind of cross-
sectional symmetry. The outline of the computation steps is as follows: 1) the measured near-
ﬁeld proﬁle is ﬁtted with a Gaussian (or Hermite-Gaussian) distribution for lateral (or depth)
near-ﬁeld intensity proﬁle; 2) the results of the ﬁt are used to compute the refractive index proﬁle
using Eq. 4.3 by taking the mode index equal to the substrate index; and then 3) the mode index
value is increased to get the minimum refractive index change to be equal to zero outside the
waveguide region.4 Characterisation of UV-written channel waveguides in LiNbO3 124
To evaluate the index proﬁle from the mode ﬁeld distribution, it is assumed that 1) only the
fundamental mode of propagation is excited, 2) the refractive index change n is very small
compared to the refractive index of the substrate ns (n  ns), and 3) no phase variation exists
across the measured waveﬁeld: this is quite valid since the mode ﬁeld intensity is measured at
the waveguide endface where the phase variation is negligible, then the scalar wave equation for
the fundamental mode can be expressed as [McCaughan 83]
r2A(x;z) + [k2
0n2(x;z)   2]A(x;z) = 0 (4.1)
A(x;z) = I1=2(x;z)
k0 = 2=0
where I(x;z) is the intensity distribution of the fundamental mode; 0 is the free-space wave-
length of the light propagating in the waveguide; n(x;z) is the refractive index distribution of
the waveguide;  is the propagation constant of the fundamental mode; x and z correspond to
lateral and depth dimensions of the waveguide; and the light propagates along the y-direction.
Therefore, applying an inversion of the scalar waveguide Eq. 4.1 leads to the following expression
for deriving the refractive index distribution,
n2(x;z) =
2
k2
0
 
r2A(x;z)
k2
0A(x;z)
(4.2)
Hence, the UV-induced refractive index change, n(x;z), of a single-mode waveguide may be
expressed as
n(x;z) = [n2
e   r2A=(k2
0A)]1=2   ns (4.3)
ne = =k0
where ns is the substrate refractive index at the appropriate wavelength; and ne is the eﬀective
refractive index of the mode or mode index. Thus n(x;z) can be evaluated numerically from
Eq. 4.3 using the lateral and depth near-ﬁeld intensity proﬁles of the single-mode UV-written
waveguides. In principle, the mode index can be derived using Eq. 4.3 from the measurement of
the intensity away from the channel waveguide, where n(x;z) tends to zero [McCaughan 83]. In
practice, however, due to high-spatial-frequency noise (which is ampliﬁed by the Laplacian oper-
ator) on the tails of the mode where the mode ﬁeld is very small, it is impossible to evaluate the
mode index accurately from Eq. 4.3. Since the electric ﬁeld is very small outside the waveguide,
the second term inside the square root in Eq. 4.3 tends to diverge and introduce errors in the
measurement. As the diﬀerence between the mode index and substrate refractive index is a small
quantity, the mode index may be approximated by the substrate index in Eq. 4.3. This incorpo-
rates an error in the absolute values of the induced refractive index change [Mansour 96]. Here4 Characterisation of UV-written channel waveguides in LiNbO3 125
the mode index value has been adjusted by using an algorithm, so that the minimum value of re-
fractive index change is zero outside the waveguide boundary. By this process one can determine
the accurate refractive index change and mode index of the single-mode waveguide simultane-
ously. A similar approach has been adopted previously by Chakraborty et al. [Chakraborty 01]
to compute accurate mode proﬁles from one-dimensional eﬀective refractive index distributions
of Ti:LiNbO3 waveguides and directional couplers by a matrix method. To reduce noise eﬀects
in Eq. 4.3, the measured near-ﬁeld intensity proﬁles of the UV-written waveguides were ﬁtted by
Gaussian (lateral proﬁles) and Hermite-Gaussian (depth proﬁles) distributions before processing.
Application of a local least-squares method to minimise noise in measured intensity proﬁles is a
common practice [Helms 90, Fatadin 06] and these curve ﬁts are fairly accurate for the intensity
proﬁles of the UV-written waveguides in LN. The requirement of the validity of the scalar-wave
equation, namely that the index changes slowly, holds for all n(x;z) in these waveguides except
at the air-substrate interface where the refractive index changes abruptly (n=ns  0:55). To
avoid this problem the depth refractive index proﬁle was computed starting from slightly below
the surface where the maximum mode intensity has been measured. To determine the refractive
index proﬁles of the waveguide, Eq. 4.3 is solved numerically using [McCaughan 83, Mansour 96]
r2A
A
=
Ai 1;j + Ai+1;j   2Ai;j
(x)2Ai;j
+
Ai;j 1 + Ai;j+1   2Ai;j
(z)2Ai;j
(4.4)
where x and z are the horizontal and vertical spacing between the data points, i.e., the grid
spacing resolution. Here i and j are the pixel numbers.
A typical plot of the measured intensity proﬁle at 632.8 nm wavelength along the lateral (x-
axis) direction is shown in Fig. 4.2(a) as the black curve. The raw data has been processed to
generate the refractive index proﬁle of the waveguide by assuming that the mode index is equal
to the substrate index which is equal to 2.2027 at 632.8 nm wavelength [Born 99]. Obviously
problems arise, because any calculation of a second derivative (Eq. 4.4) is very sensitive to rapid
intensity variations. Hence a smooth proﬁle is required for the calculations. Without any curve
ﬁtting, a determination of the refractive index seems to be impossible, as demonstrated by the
black curve shown in the graph of Fig. 4.2(b), which shows the index proﬁle calculated from
the raw intensity proﬁle using Eq. 4.3 [black curve in Fig. 4.2(a)]. Obviously, the data for the
change of the refractive index of the waveguide is submerged in the noise because of the random
ﬂuctuations of the modal intensity in the spatial domain especially at the waveguide edges where
the signal to noise ratio decreases signiﬁcantly. Therefore the measured intensity proﬁle was ﬁtted
with a Gaussian distribution [red curve in Fig. 4.2(a)] and the computation process was repeated
thereby getting an index proﬁle shown in Fig. 4.2(b) as the red solid curve. It may be noticed
from the ﬁgure that the refractive index changes become negative ( 0:00123) at the two ends of
the proﬁle outside the waveguide boundary, where it should be nearly zero. This is the result of
the assumption that the mode index is equal to the substrate index, which incorporates a large4 Characterisation of UV-written channel waveguides in LiNbO3 126
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Figure 4.2: Lateral intensity proﬁle and corresponding calculated proﬁle of refractive index
change. In (a), black curve is the measured lateral intensity proﬁle of a waveguide written
with 305 nm at a writing power of 35 mW and a speed 0.1 mms 1. Mode width calculated at
FWHM is 2.97 m. The red line represents the Gaussian distribution ﬁtting of the lateral mode
proﬁle. In (b), the black curve is the calculated refractive index change from the raw data in
(a) (assuming mode index = substrate index); the red solid curve is the reconstructed proﬁle
of refractive index change using the ﬁtted Gaussian distribution in (a) (assuming mode index
= substrate index). The mode index value was then increased (to 2.2039) so that the minimum
refractive index change outside the waveguide region equals zero. The adjusted refractive index
change is represented as the red dashed curve in (b).4 Characterisation of UV-written channel waveguides in LiNbO3 127
error in the absolute refractive index values of a weakly guiding waveguide where the refractive
index change is a small quantity. Therefore the mode index value was increased in Eq. 4.3 to get
the minimum refractive index change to be equal to zero ( 10 6) outside the waveguide region.
The reconstructed proﬁle is shown in Fig. 4.2(b) as the red dashed curve with the mode index
value 2.2039. Therefore, this process can simultaneously extract the values of refractive indices
and mode index of the waveguide.
depth [µm]
extraordinary index change
[×10
]
−3
Figure 4.3: Depth refractive index proﬁle of the waveguide with writing conditions same as in
Fig. 4.2.
The same procedure is also followed for the reconstruction of depth (along the z-axis) refractive
index proﬁle (Fig. 4.3). In this case the intensity proﬁle is ﬁtted with a Hermite-Gaussian func-
tion because of the asymmetry in the structure. Since at the air-LiNbO3 interface the process
incorporates an error because of the abrupt index change, the refractive index proﬁle is com-
puted starting from the peak intensity position of the measured mode intensity proﬁle, which is
2.24 m below the surface for the waveguide in Fig. 4.3. The computed maximum refractive index
changes (and mode indices) for the same waveguide, obtained from lateral and depth intensity
proﬁles, match within 2.3% (and 0.0012%), which makes us conﬁdent about the computation
process.
4.3.2 Mode proﬁle measurement
The mode proﬁle of the waveguides was measured using the standard near-ﬁeld measurement
setup shown in Fig. 4.4. The source used was a He-Ne laser (632.8 nm) at 1 mW power coupled
via a 10 objective to a single-mode optical ﬁbre, which was subsequently butt-coupled to one
end of the UV-written waveguide. The substrate containing the waveguides was mounted on a4 Characterisation of UV-written channel waveguides in LiNbO3 128
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Figure 4.4: Near-ﬁeld intensity proﬁle measurement setup. (M1, M2 = mirrors; A = attenuator;
L1 = 10 objective; L2 = 40 objective; F = single mode ﬁbre; WUT = waveguide under test;
C1 = CCD Camera; C2 = computer.)
high precision 4-axis translation stage in order to achieve the best possible coupling between the
ﬁbre and the waveguide. TM waveguide modes only could be excited in the UV written LiNbO3
waveguides suggesting an increment in the extraordinary refractive index only. The output of
the waveguide was imaged onto a CCD camera by means of a 40 microscope objective (with
a numerical aperture of 0.65). Image analysis was performed using a beam proﬁling software
(Newport LBP, USB2). The resolution limit of the 40 objective is 0.6 m, using Abbe’s criterion
for coherent light from an object [Born 99]. Special care has been taken to image exactly the
end-face and for perpendicular incidence of the optical beam on the camera, which otherwise
would give rise to signiﬁcant errors in measured mode proﬁles. Once the mode image of the
waveguide was recorded, the normalised intensity proﬁles along horizontal (x-axis) and vertical
directions (z-axis) were generated by the software.
4.3.3 Mode index as a function of writing power
Fig. 4.5 shows the (a) maximum refractive index changes and (b) mode indices calculated from
the measured near-ﬁeld intensity proﬁles of the UV-written single-mode waveguides for diﬀerent
writing powers at each of the writing wavelengths (275, 302, and 305 nm) and at a writing speed
of 1.0 mms 1. The plot suggests that an optimum writing power exists for each wavelength
where the refractive index change and mode index are maximum ( 35, 41 and 45 mW for
305, 302 and 275 nm respectively). It also provides a writing power range, where an appreciable
maximum refractive index change occurs. In the lower power limit of this range the crystal is
under-exposed to the UV radiation hence a smaller refractive index is observed. However the
fact that the refractive index change decreases in the higher power limit is counter-intuitive as
the maximum refractive index change should continue to increase with increasing laser power
and eventually saturate to a certain value. The reduction is expected to be due to the surface
damage. A look at the surface topography of the UV irradiated area provides a clue about the
nature of the mechanism that causes a decrease of the measured refractive index change at the
high power limit. Fig. 4.6 shows typical scanning electron microscopy (SEM) images of the UV4 Characterisation of UV-written channel waveguides in LiNbO3 129
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Figure 4.5: Computed results of (a) maximum refractive index changes and (b) mode indices
extracted from the measured near-ﬁeld intensity proﬁles of the UV-written single-mode waveg-
uides for diﬀerent writing powers at each of the writing wavelengths, 275, 302, and 305 nm. The
writing speed was 1.0 mms 1.
irradiated crystal surface at the high power limit for two diﬀerent wavelengths. These SEM
images show extensive surface damage which is expected to induce a reduction of the measured
maximum refractive index because this damage is more evident in the layers which are close
to the surface where the refractive index should be maximum. As a result of the surface layer
damage the optical mode shifts further into the bulk (towards the undamaged volume) where,
however, the refractive index change is smaller. The power dependence of the refractive index4 Characterisation of UV-written channel waveguides in LiNbO3 130
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Figure 4.6: SEM image of surface damage of UV-written channel waveguides: (a) written at
writing wavelength 275 nm and power 55 mW, and (b) written at writing wavelength 305 nm
and power 50 mW.
change which is shown in Fig. 4.5 is therefore the result of a trade-oﬀ between under-exposure
(low power) and surface damage (high power).
UV laser-induced surface damage has been investigated elsewhere [Ródenas 07], which shows
that it induces a permanent local stress on the micron-scale dimension, which may consequently
decrease the local refractive index of LN to some extent [Deshpande 05]. Raman analysis of
the exposed region also shows some loss of crystalline property of the material [Burghoﬀ 07],
indicating that while LN may suﬀer some change in chemical composition near the surface,
however, it remains unchanged in the bulk.
4.3.4 Mode index as a function of writing speeds
Fig. 4.7 shows the variation of maximum refractive index changes and mode indices for diﬀerent
writing speeds at the writing wavelengths 300, 302, and 305 nm. The data points are ﬁtted with
Gaussian curves. In all cases the writing power was 35 mW. Once again an optimal writing
speed exists for inducing a maximum refractive index change, which is approximately 0.75 and
0.3 mms 1 for 305 and 302 nm wavelengths, respectively. At 300 nm only a part of the distri-
butions has been determined. Both the variations of maximum refractive index change and of
mode index with writing speed follow the same trend. From all the refractive index data it seems
that the maximum refractive index change for any writing condition is limited by the surface
damage along the waveguide, and its maximum possible value is about 0.0026 at 632.8 nm. This
corresponds to a mode index value of  2:2048. It is not possible to increase the UV-induced4 Characterisation of UV-written channel waveguides in LiNbO3 131
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Figure 4.7: Computed (a) maximum refractive index changes and (b) mode indices for waveg-
uides with diﬀerent writing speed and wavelength.
refractive index change indeﬁnitely by increasing the laser ﬂuence and/or decreasing the writing
wavelength (due to the extremely rapid onset of absorption increase [Redﬁeld 74]). The refractive
index of a waveguide written at 244 nm at 45 mW and writing speed 0.83 mms 1 was also de-
termined. The waveguide was written almost two years ago. The computed maximum refractive
index change and mode index for this waveguide are about 0.0013 and 2.2036, respectively.4 Characterisation of UV-written channel waveguides in LiNbO3 132
4.3.5 Eﬀect of crystal orientation
Waveguides have also be produced by UV-writing on the  z face of LN. Fig. 4.8 shows a
comparison of the maximum refractive index change induced at diﬀerent writing speeds for the
writing of undoped CLN channel waveguides into the +z- and  z faces. The writing power was
35 mW with same focused beam radius of 3 m, and the writing wavelength was 305 nm. It is
clear in Fig. 4.8 that the optical properties of the UV-written waveguides in LN also depend
on the crystal orientation. The maximum index changes for  z face written waveguides are, in
general, lower than those for waveguides written on the +z face.
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Figure 4.8: Maximum refractive index change versus writing speed for +z and  z faces of
LiNbO3 (writing power = 35 mW, and writing wavelength = 305 nm).
4.4 Spectral analysis and cut-oﬀ wavelength determination
4.4.1 Introduction
For most applications, single-mode waveguides are essential in order to achieve optimised device
performance, and hence the determination of single-mode operating range and cut-oﬀ wavelength
of the waveguide are fundamental for characterising waveguide optical properties. Spectral analy-
sis is a characterisation method which has been originally developed for determining the eﬀective
cut-oﬀ wavelength of optical ﬁbre [van Leeuwen 84] and later for Ti-indiﬀused [Lang 94] and pro-
ton exchanged [McConaghy 95] waveguides. Here this method is applied for the characterisation
of UV-written waveguides. In this section, the spectral response of the direct UV-written chan-
nel waveguides in congruent LiNbO3 was investigated using a white light laser-supercontinuum4 Characterisation of UV-written channel waveguides in LiNbO3 133
source. The spectral data was used to determine the various regimes of waveguide operation from
multimode to cut-oﬀ. It has been observed that an optimum writing condition for these waveg-
uides exists where the refractive index change is maximised and hence the cut-oﬀ wavelength of
the waveguide shifts to longer wavelengths.
4.4.2 Theoretical considerations
To eliminate the spectral response of the launch and detection components of the experimental
setup (such as the broadband source and the detector), the spectral output intensity of the
waveguide (Iwg) was normalised by a reference intensity spectrum (Iref) acquired by the optical
system without the presence of the waveguide. This normalisation also minimises the eﬀect
of chromatic aberrations of the microscope lenses. Typical normalised transmission spectra of
two diﬀerent UV-written waveguides are shown in Fig. 4.9. The spectrum shown in Fig. 4.9(a)
corresponds to a waveguide that exhibits multimode transmission at shorter wavelengths and
can be divided into four regions [McConaghy 95]. In region-1 the waveguide supports the two
lowest order modes and the normalised transmission spectrum (Iwg=Iref) can be described as
Iwg=Iref = K00 + K01 (4.5)
where K00 and K01 are the coupling coeﬃcients for the lowest and next higher order modes,
respectively. Region-2 describes the wavelength regime where the second mode cut-oﬀ is ap-
proached. In this case normalised transmission spectrum is given by
Iwg=Iref = K00 + K01 exp( 01L0) (4.6)
where 01 and L0 are the modal attenuation coeﬃcient of the higher order mode and length
of the guide, respectively. As the wavelength becomes longer the cut-oﬀ of the second mode is
passed and region-3 covers the wavelength range where the fundamental mode is still far from
cut-oﬀ. The intensity ratio in this region may be given as
Iwg=Iref = K00 (4.7)
Finally as the fundamental mode cut-oﬀ is approached in region-4, the normalised transmission
spectrum is
Iwg=Iref = K00 exp( 00L0) (4.8)
where 00 is the attenuation coeﬃcient for the fundamental mode. In Eq. 4.5, 4.6, 4.7, 4.8, the
modal coupling and attenuation coeﬃcients are wavelength dependent.4 Characterisation of UV-written channel waveguides in LiNbO3 134
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Figure 4.9: Typical spectral responses of the fabricated UV-written waveguides: (a) with
writing wavelength: 300 nm, power: 40 mW, speed: 1 mms 1; and (b) with writing wavelength:
305 nm, power: 50 mW, speed: 1 mms 1.
Here, the mode cut-oﬀ point was deﬁned as 10% of the peak normalised intensity. Hence for
the waveguide shown in Fig. 4.9(a), which was written at the 300 nm wavelength, with a laser
power of 40 mW and a writing speed 1.0 mms 1, the multimode region is < 514 nm, whereas
the guide is single-moded within the wavelength range from 514 nm to 780 nm, where 780 nm
is practically the waveguide cut-oﬀ wavelength. For the waveguide shown in Fig. 4.9(b), written
with 305 nm wavelength, 50 mW power and 1 mms 1 laser writing speed, the single-mode range
is from 408 nm to 615 nm.4 Characterisation of UV-written channel waveguides in LiNbO3 135
4.4.3 Waveguide spectra acquisition and analysis
For the spectrum measurement inside the waveguide, a supercontinuum ﬁbre laser (Fianium,
Femtopower 1060, with a wavelength range: 408 1800 nm) was coupled into the waveguides using
a 10 microscope objective. The output of each waveguide was imaged by a second microscope
objective onto a circular aperture (iris diaphragm) spatial ﬁltering the optical noise from the
light originating from the waveguides, and it was subsequently coupled to an optical spectrum
analyser. A schematic of the experimental setup is shown in Fig. 4.10. The numerical aperture
white light source
A
M1
M2
10×
WUT
40× 10×
OSA
P
MMF
Figure 4.10: Experimental setup for spectral characterisation. (M1, M2 = mirrors; P = ad-
justable pinhole; MMF = multimode ﬁbre; OSA = optical spectrum analyser; WUT = waveguide
under test.)
of the launching objective lens (NA = 0.25) was chosen to be high enough to excite all possible
guided modes of the waveguides. The LiNbO3 substrate containing the waveguides was mounted
onto a high precision 4-axis translation stage. All these spectral measurements were performed
below the photorefractive damage threshold of the waveguides, which was conﬁrmed by the non-
dependency of the normalised transmission spectra on the input power. The measured spectral
response has been analysed to determine the wavelength range for multi-mode and single-mode
operation respectively and the cut-oﬀ wavelength of the UV-written waveguides.
The cut-oﬀ wavelengths were measured for all the waveguides written with various writing wave-
lengths, laser powers, and writing speeds. The variations of the cut-oﬀ wavelength of the waveg-
uides written with diﬀerent wavelengths, as a function of laser power and writing speed are
shown in Fig. 4.11(a) and (b) respectively. These results conﬁrm the previous observation in
Sec. 4.3 [Ganguly 09] that for each writing wavelength an optimum writing condition (writing
power and speed) exists where the induced refractive index change is maximised, because as the
refractive index change or the contrast of the waveguide (nmax) increases, the cut-oﬀ shifts to
longer wavelengths.
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Figure 4.11: Variations of cut-oﬀ wavelengths of the waveguides with: (a) laser writing power,
and (b) writing speed.
4.4.4 Electro-optic shift of the waveguide cut-oﬀ
The change of the spectral response of the UV-written waveguides under the inﬂuence of an ex-
ternal electric ﬁeld was used to investigate the electro-optic behavior of the waveguides. A pair
of thin gold ﬁlm electrodes of thicknesses  10 nm was sputtered onto the two opposite faces
of the 500 m thick substrate containing the waveguides. The electrodes were used to apply
a variable voltage across the substrate and the corresponding normalised transmission spectra4 Characterisation of UV-written channel waveguides in LiNbO3 137
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Figure 4.12: Changes in cut-oﬀ wavelengths of the waveguides with applied voltages for 275,
300, 300, and 305 nm writing wavelengths.
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Figure 4.13: Changes in contrast of the waveguides written with 275, 300, 302, and 305 nm
wavelengths with applied voltages.
of the waveguides were measured. The applied DC voltage used in the experiment ranged from
 600 to +600 V, corresponding to a uniformly applied DC electric ﬁeld ranging from  1:2 to
+1:2 Vm 1 along the z-axis of the LiNbO3 crystal. The changes in cut-oﬀ wavelengths of
the waveguides, written with diﬀerent wavelengths, for various applied voltages were measured.
These experimental data directly correspond to the relative refractive index changes or changes
in the contrast of the waveguides with respect to the substrate, via the linear electro-optic
(Pockels) eﬀect. Results of the measurements for cut-oﬀ wavelength change with applied DC4 Characterisation of UV-written channel waveguides in LiNbO3 138
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Figure 4.14: Changes in mode width (a) and mode depth (b) with applied voltages for the
waveguides written with 275, 300, 302, and 305 nm wavelengths.
voltages of waveguides written with four diﬀerent UV wavelengths are shown in the graph of
Fig. 4.12. It may be observed in the graph that the waveguides written with 275 nm exhibit the
lowest change in cut-oﬀ wavelength with applied voltages in the range from  600 to +600 V.
The changes in cut-oﬀ wavelengths of the waveguides gradually increase with the writing wave-
length. In the present electrode conﬁguration, where a uniform electric ﬁeld is applied across the
whole crystal containing the waveguides, the change in cut-oﬀ wavelength will depend on the
change in refractive index contrast of the waveguides with respect to the substrate. Hence for4 Characterisation of UV-written channel waveguides in LiNbO3 139
waveguides with the same electro-optic coeﬃcients as that of LiNbO3 substrate, there shouldn’t
be any appreciable change in the cut-oﬀ wavelength. However, waveguides which have a reduced
electro-optic coeﬃcient with respect to the substrate will exhibit a more signiﬁcant change in
cut-oﬀ wavelength with the applied voltage. Thus the results in Fig. 4.12 indicate that a waveg-
uide written with 275 nm has an electro-optic coeﬃcient, r33, closest to the substrate value in
comparison to waveguides written with longer wavelengths. In fact, the electro-optic coeﬃcient
decreases monotonically with the increase in writing wavelength. The measured change in con-
trast of these waveguides with respect to the substrate refractive index at 632.8 nm transmitting
wavelength (Fig. 4.13), for diﬀerent applied voltages, supports these experimental observations.
The changes in mode width and mode depth of these UV-written waveguides with the applied
voltages are shown in Fig. 4.14. All these waveguides are single-moded in nature at this wave-
length within the applied voltage range. As expected the changes in mode widths and mode
depths with the applied voltages are relatively small for the waveguide written with 275 nm
wavelength, whereas, for other waveguides signiﬁcant changes in mode widths and mode depths
are observed.
The markedly diﬀerent responses of the waveguides with applied voltage suggest a diﬀerence
in the relative values of electro-optic coeﬃcient (r33) of the UV-written waveguides compared
to those for the bulk substrate under diﬀerent writing wavelengths. Hence it was necessary to
proceed to a direct measurement of the eﬀective electro-optic coeﬃcient.
4.5 Electro-optic response
4.5.1 Introduction
The electro-optic properties of these waveguides need to be assessed for subsequent applications
in waveguide optical switches and modulators, which are key integrated-optical components
that can be implemented in LiNbO3. Therefore, electro-optic characterisation of UV-written
waveguides in LiNbO3 is of absolute necessity from the device point of view. In the previous
section, the spectral response of the waveguides written with diﬀerent UV wavelengths markedly
diﬀers with applied voltage which suggests a diﬀerence in the value of the electro-optic coeﬃcient
(r33) of the UV-written waveguides compared to those for the bulk substrate. Hence it was
necessary to proceed to a direct measurement of the eﬀective electro-optic coeﬃcient. The electro-
optic response measurements conﬁrm that the electro-optic coeﬃcient in waveguides written at
longer wavelengths is lower (r33 = 14 pmV 1 at 305 nm) as compared to waveguides written at
shorter wavelengths (r33 = 31 pmV 1 at 275 nm).4 Characterisation of UV-written channel waveguides in LiNbO3 140
4.5.2 Experiment setup
For a quantitative characterisation of the electro-optic response of the waveguides written at
diﬀerent wavelengths, the r33 electro-optic coeﬃcient was measured using a Mach-Zehnder in-
terferometric setup, a schematic of which is shown in Fig. 4.15. A He-Ne laser beam (632.8 nm)
was divided by a 50/50 cube beam-splitter (BS1) into the two arms of the interferometer. The
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Figure 4.15: Experimental setup for the measurement of electro-optic coeﬃcient of the waveg-
uide. (A1, A2 = optical attenuator; M1, M2, M3 = mirrors; BS1, BS2 = beam splitter; WUT
= waveguide under test; V = applied voltage; P1, P2 = adjustable pinhole; D = detector; LIA
= lock-in ampliﬁer.)
waveguide under test was placed in one arm of the interferometer, and light was in- and out-
coupled using microscope objectives. In the reference arm a variable attenuator (A2) was placed
to balance the optical power between the two arms of the interferometer. Finally the beams
from the two arms were recombined using a second cube beam-splitter (BS2) as shown in the
schematic. The polarisation of the input light was made parallel to the z-axis of the crystal. A
pinhole with diameter  25 m was used to sample the interference fringes and to enable the
detection of phase shifts as a variation of the transmitted optical power measured by a Si photo-
detector. An optical chopper (frequency: 170 Hz) in conjunction with a lock-in-ampliﬁer was used
to improve the signal-to-noise ratio (typically  50) of the detection system. A 6:3 microscope
objective was also placed to magnify the output interference pattern and hence improve the
resolution of the pinhole-detector assembly. The entire experimental setup was on a vibration-
isolated table and the interferometric section was covered to minimise the eﬀect of random phase
changes caused by air-ﬂow in the two arms of the interferometer. The applied voltage introduces
a refractive index change in the waveguide via the electro-optic eﬀect thereby introducing a phase
diﬀerence between the two arms of the interferometer. This phase diﬀerence produces a spatial
shift in the interference fringes, and hence a change in detector output. The half-wave voltage
V (the voltage required to produce a -phase shift) was measured in this way. This is related4 Characterisation of UV-written channel waveguides in LiNbO3 141
to the r33 coeﬃcient of the waveguide by the following equation [Méndez 01, Ducharme 87]
r33 =
d
n3
eLV
(4.9)
where  is the operating wavelength (632.8 nm); d is the substrate thickness (500 m); ne is the
eﬀective refractive index of the waveguide; and L is the length of the electrode-covered waveguide
section (9 mm). In Eq. 4.9 it was assumed 100% overlapping of the applied electric ﬁeld with
the waveguide propagation mode which is a valid approximation in the present conﬁguration
[Wooten 93]. The experiment was repeated for a number of waveguides written with diﬀerent
writing wavelengths and powers, and the r33 coeﬃcient for each waveguide was determined by
using Eq. 4.9. No phase drift due to optical ‘photorefractive’ damage was observed over the
duration of the measurements.
4.5.3 Results and discussion
The interferometrically measured electro-optic coeﬃcient (r33) of the waveguides written with
these four diﬀerent wavelengths and writing powers (45, 50, 55, 60 mW) are summarised in the
graph shown in Fig. 4.16. All the waveguides were written with a writing speed of 1.0 mms 1.
The measurements were performed with a DC applied ﬁeld at room temperature (20C), for a
probe wavelength of 632.8 nm. Typical variations of normalised detector output with applied
voltage are presented in Fig. 4.17 for the waveguides with diﬀerent writing wavelengths. It may
be concluded from these results that the electro-optic coeﬃcient is as low as 14 pmV 1 for
waveguides written with 305 nm wavelength, but increases with decreasing writing wavelength,
to a value (31 pmV 1) that is close to the bulk r33 value of the crystal, for 275 nm writing
wavelength. It may also be noticed that the electro-optic coeﬃcients of the waveguides are
eﬀectively independent of the writing laser powers within the studied experimental range here.
For comparison, the r33 coeﬃcient of a Ti-indiﬀused channel waveguide was also measured, using
the same experimental apparatus. The measured value of 35 pmV 1 is  13% higher than the
values for waveguides written with 275 nm wavelength. The AC (upto 10 kHz) electro-optic
response of the waveguides was also studied using the same interferometric setup. A DC bias
(0   100 V) was also applied along with the sinusoidal AC signal (Vpp = 35   155 V) to set
the phase diﬀerence between the interferometer arms to =2, eﬀectively increasing the detection
sensitivity. It was observed that within the studied frequency range the frequency response of
the UV-written waveguides is similar to that of the Ti-indiﬀused waveguide.
The reason for the reduction of the electro-optic coeﬃcient at 300, 300, and 305 nm writing
wavelengths, is not clearly understood at the moment. Since lithium out-diﬀused waveguides are
known to produce highly eﬃcient electro-optic modulators [Nishihara 89, Kaminow 74], some
other mechanisms dominant during waveguide fabrication at these longer writing wavelengths,4 Characterisation of UV-written channel waveguides in LiNbO3 142
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Figure 4.16: Measured electro-optic coeﬃcients (r33) of the waveguides for diﬀerent writing
wavelengths and powers.
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Figure 4.17: Variation of normalised detector output with the applied voltages for 275, 300,
302, and 305 nm writing wavelengths of the waveguides.
could possibly be the cause. One such plausible explanation could be due to the formation of
all-optically inverted ferroelectric domains within the illuminated region [Muir 08]. The depth of
these inverted domain on the +z face at a shorter UV wavelength (244 nm) has been estimated
to be of order 30   50 nm. However, the dependence of the depths of such all-optically inverted
domain on the writing wavelength has not been studied. The presence of such inverted domains
within the waveguide volume will reduce the average phase shift for a given value of the applied
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which would result in a reduced EO response is damage induced in the crystal by the UV-laser
writing step. As the absorption depth for the longer wavelengths is greater, the corresponding
damaged volume extends further into the waveguide region, and hence a reduced value for the
measured EO coeﬃcient would be obtained for these wavelengths. The UV illuminated tracks
were investigated by piezoresponce force microscopy (PFM) in order to identify the cause for
the reduction in the EO response. The PFM investigation shown indeed a limited contrast
associated with the UV illumination which could be attributed either to a shallow inverted
domain or a damaged volume. The PFM results were inconclusive mainly due to the limitation
in the depth resolution of the device which is comparable to the dimensions of the waveguiding
volume [Johann 09].
4.6 Poling of the UV-written waveguides
4.6.1 Introduction
It should be noted that the writing conditions for UV-written waveguides are very close to those
for poling-inhibition as discussed in Chap. 3. Thus, upon domain inversion of the sample that
carries UV-written waveguides on the +z face, poling-inhibited domains will form along the
UV irradiated tracks overlapping with the waveguides. The eﬀect of this local poling-inhibited
domain to the waveguide has been investigated. It was found that after poling, the refractive
index contrast of waveguides has been enhanced. The EO response was simulated and measured
for the head-to-head domain conﬁguration. And ﬁnally, waveguides with local poling-inhibited
domains have been etched in HF to develop into ridge waveguides.
4.6.2 Enhanced refractive index contrast after poling
It has been reported in the literature that a refractive index increase is observed in the newly
poled region as a consequence of EFP. This refractive index increase has been measured us-
ing digital holography [de Angelis 04] and Scanning Near Field Microscopy [Gopalan 07] and
is attributed to the internal ﬁeld which originates from the presence of frustrated defect clus-
ters in the newly inverted domain region. An enhancement of the refractive index of the newly
poled area encapsulating the waveguide channel (as in the case of the poling inhibition) is ex-
pected to aﬀect negatively the performance of the waveguide by reducing the refractive index
contrast between the channel and this newly poled substrate region. Surprisingly, a signiﬁcant
increase was observed in the refractive index contrast of the waveguide channels following the
poling-inhibition step rather than a decrease as suggested in the literature. A comparison of the
maximum refractive index contrasts for waveguides written with diﬀerent UV laser intensities4 Characterisation of UV-written channel waveguides in LiNbO3 144
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Figure 4.18: Plot showing variation of maximum refractive index change before and after EFP.
before and after the EFP step is shown in Fig. 4.18. All of these waveguides were written using
the same writing speed (0.1 mms 1) and spot radius ( 3 m). As seen in the plot of Fig. 4.18
at writing power of 30 and 35 mW, a greater than threefold increase in the maximum refrac-
tive index contrast of the waveguide channels can be observed after the EFP step. The eﬀect of
refractive index contrast enhancement is additionally demonstrated by the observation of waveg-
uide propagation after the EFP step in UV tracks written at low writing power of 25 mW in
Fig. 4.18, where the refractive index contrast provided by just UV irradiation alone (prior to the
EFP step) was insuﬃcient to support waveguide modes.
An explanation for the experimentally observed enhancement of the refractive index contrast
can be provided by a refractive index discontinuity which occurs on the domain boundary as
reported in [Gopalan 07]. According to this report the refractive index changes abruptly in the
vicinity of the domain boundary. It decreases in the newly poled domain and increases suddenly
in the unpoled part of the crystal on the opposite side of the domain boundary. This abrupt
refractive index transition takes place within a width ranging from 2 m to 4 m and provides
the appropriate refractive index proﬁle to explain the observed enhancement of the refractive
index contrast within the waveguide.
4.6.3 Electro-optic response of waveguides with local anti-parallel domains
With such an inverted domain conﬁguration in the waveguide region, the eﬀective EO coeﬃcient
can suﬀer a change. Therefore, due to its importance for any application, the EO response of
UV-written waveguides that overlapped with poling-inhibited domain regions after poling has4 Characterisation of UV-written channel waveguides in LiNbO3 145
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Figure 4.19: The change of mode index versus the applied E-ﬁeld for both unpoled and poled
UV-written waveguides.
been simulated by using the software package RSoft. Fig. 4.19 shows the change of mode index
versus the applied E-ﬁeld for both unpoled and poled UV-written waveguides. The eﬀective
EO coeﬃcient were derived from: re =  2n=n3E. It reveals that, for unpoled UV-written
waveguides the eﬀective EO coeﬃcient, as expected, equals the bulk EO coeﬃcient, while for
poled waveguides, the values are smaller than the bulk, more speciﬁcally, 46% and 85% of the
bulk value for positive and negative values of applied E-ﬁelds respectively. However, preliminary
experimental results measured and conﬁrmed a signiﬁcant enhancement of 50% for the eﬀective
EO coeﬃcient for both positive and negative applied E-ﬁelds.
4.6.4 Ridge waveguides
Due to the preferential etching of LN crystals, waveguides with a +z face can be further processed
via HF etching into ridge waveguides. Ridge waveguide superstructures can provide better lateral
conﬁnement of the optical mode due to the much higher index contrast as compared to their
conventional counterparts. Additionally, the stronger optical conﬁnement and smaller modal
dimensions in such structures should enhance the eﬃciency of any nonlinear processes. In litera-
ture, several diﬀerent methods have been investigated for the production of ridge waveguides in
LN. Most of them utilise an etching step that deﬁnes the ridge geometry and a separate waveg-
uide fabrication step [Kaminow 74, Cheng 95, Hu 07] such as the commonly used ion-indiﬀusion
or proton-exchange processes. Delineation of the ridge is achieved either via wet etching in an
acid mixture containing HF acid or through dry etching processes such as ion beam milling
[Guarino 07] or plasma etching [Noguchi 95]. Acid-based wet etching, based on the diﬀerential4 Characterisation of UV-written channel waveguides in LiNbO3 146
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Figure 4.20: Schematic of the fabrication process showing the three sequential fabrication
steps of UV patterning, EFP, and wet-etching.
etching behavior of the two opposite polar z-faces has also been reported as an alternative ap-
proach for deﬁning ridges in domain engineered LN [Barry 99]. The mandatory step required to
induce the vertical refractive index contrast either precedes or follows the wet or dry etching
process. The compatibility of the two steps is essential and hence a recipe with the appropriate
sequential steps has to be adhered to for producing ridge waveguides in this crystal. In all of these
approaches, a clean-room based photolithographic step is incorporated to deﬁne the ridge on an
already produced planar waveguide or to deﬁne the waveguide on a pre-structured ridge. In this
section, subsequent diﬀerential wet etching of the local poling-inhibited domain structures after
UV irradiation results in the creation of ridges, which further support already existing optical
guided-wave propagation.
As shown in Fig. 4.20, after the second step of poling in the sample that carries the UV-
written waveguides, a set of parallel stripes of +z polar surface (poling-inhibited domains) was
formed and embedded in a uniform  z polar surface background. The ridge structures are ﬁnally
produced in the last fabrication step which is wet etching in HF acid. The formation of the ridge
structures results from the diﬀerential etching between the two opposite polar surfaces of LN in
HF acid [Sones 02b]. When the poled samples are etched in HF acid the sets of parallel domains
20 m m
Figure 4.21: Optical microscope image of two sets of ridges produced using diﬀerent UV laser
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with +z orientation act as etch-stop layers whereas the surrounding  z face gradually etches
down to reveal sets of parallel ridges.
Fig. 4.21 shows an optical microscope image of two sets of parallel ridges (each set consisting
of four ridges corresponding to identical UV writing conditions) formed using this fabrication
route. All of the ridges have been produced by UV writing at a speed of 0.1 mms 1. However,
each set of four ridges correspond to a diﬀerent UV laser intensity. The set on the left of the
image has been written with an incident intensity of  0:17 MWcm 2 whereas, the set on the
right has been written using a slightly lower intensity of  0:14 MWcm 2. A small diﬀerence
in the writing intensity was observed to inﬂuence the width of the poling-inhibited region and
hence the width of the corresponding ridges.
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Figure 4.22: Plot of the poling-inhibited domain width as a function of the UV laser intensity
with writing  of 275 nm.
The impact of the laser intensity on the width of the resulting ridges was studied systematically
and the results are summarised in Fig. 4.22. The ﬁgure shows a plot of the domain width, and
hence that of the ridge structure as a function of the UV laser intensity which was used in the
relevant fabrication step. As seen in Fig. 4.22 the widths of the poling-inhibited domains are
proportional to the UV laser intensity between 0.15 MWcm 2 to 0.2 MWcm 2.
Scanning electron microscopy (SEM) images of the cross-sections of ridges were obtained after
mechanical polishing of the samples, and typical examples are presented in Fig. 4.23. The ridges
in Fig. 4.23(a) and (b) correspond to writing intensities of 0.17 MWcm 2 and 0.14 MWcm 2
respectively and the diﬀerence in their width resulting from this slight variation of the intensity
is evident. The symmetric cross-sectional proﬁle of the ridges is a manifestation of them being
aligned to the crystallographic y direction. The noticeable roughness of the planar surfaces ( z4 Characterisation of UV-written channel waveguides in LiNbO3 148
(a) (b)
2 m m 2 m m
Figure 4.23: SEM images of the polished end faces of two ridges fabricated with diﬀerent UV
laser intensities (SEM image acquired at 60 tilt).
faces) on either sides of the ridge is typical of the etching of  z faces in HF [Sones 02b]. However,
the sidewalls of the ridges are suﬃciently free of this background surface roughness and hence
are not expected to unduly aﬀect the guided optical mode. The UV laser intensity employed
during the direct laser writing step also has a signiﬁcant impact on the quality of the ridge
structures. Speciﬁcally, UV intensities higher than  0:19 MWcm 2 lead to severe damage of
the top-surface, whereas intensities lower than  0:13 MWcm 2 result in poorly deﬁned ridge
side-walls. However, there exists a deﬁnite range of intensity that corresponds to the optimum
fabrication parameters. After mechanical polishing of the waveguide ends, laser light (633 nm
HeNe laser) was end-ﬁre coupled into the ridge waveguides using a microscope objective lens in
order to investigate the optical characteristics of the structures. Fig. 4.24 shows the near-ﬁeld
intensity proﬁle collected using a second objective lens that imaged the output face of the ridge
on to a CCD camera. This mode proﬁle corresponds to a ridge structure formed using a UV
laser intensity of  0:14 MWcm 2.
Figure 4.24: Near-ﬁeld intensity proﬁle obtained at 633 nm. The dashed line outlines the
physical shape of the ridge structure.4 Characterisation of UV-written channel waveguides in LiNbO3 149
4.7 Summary
UV-written waveguides using 275   305 nm CW laser irradiation were fully investigated. The
maximum refractive index change and mode index were determined from the measured near-
ﬁeld intensity distribution, suggesting that for optimum writing conditions a maximum possible
refractive index change of  0:0026 can be achieved at a 632.8 nm probe wavelength. The spec-
tral response in the waveguide was measured, from which the cut-oﬀ wavelength was derived.
Measurements of cut-oﬀ wavelengths of the waveguides for diﬀerent writing powers and writ-
ing speeds conﬁrm the existence of optimum writing conditions for maximum refractive index
changes of these waveguides. Changes in cut-oﬀ wavelengths of the waveguides with applied
uniform electric ﬁeld across the substrate indicate that electro-optic response decreases with
increasing writing wavelengths. This experimental observation was veriﬁed by measuring the
mode-widths, mode-depths, and refractive-index contrasts of the waveguides at various applied
voltages. Direct measurements of the unclamped electro-optic coeﬃcients (r33) of the waveguides
written with diﬀerent wavelengths were also performed by an interferometric method. It was ob-
served that the r33 coeﬃcient is maximum (31 pmV 1) for 275 nm writing wavelength, whereas
it is reduced to 14 pmV 1 for waveguides written with 305 nm writing wavelength. Upon poling,
local poling-inhibited domains were formed at the waveguide region. A threefold enhancement
of index contrast was observed and the simulation derived EO response to have r33 values of
14.4 and 26.5 pmV 1 for positive and negative E-ﬁeld respectively: promisingly the experimen-
tal results however measured an EO coeﬃcient enhancement of 50%. Finally a method for the
fabrication of ridge waveguides was demonstrated based on HF etching of the poling-inhibited
domains produced following EFP of the UV-written waveguides. The method utilises a continu-
ous wave (CW) UV laser direct writing procedure that provides both the deﬁnition of the ridge
pattern and the production of the necessary refractive index contrast for vertical conﬁnement in
a single step. It can reduce the complexity of fabrication and would be extremely well-suited for
the implementation of the dense compact photonic circuits envisaged for future optoelectronic
integration technologies. Additionally, the method allows for a straightforward fabrication of ar-
bitrary patterns as allowed by the direct laser writing, which makes it particularly attractive for
custom fabrication of photonic micro-structures. Here the fabrication of simple waveguide ridges
was demonstrated only as a proof of principle. However it is possible, using this methodology,
to create more complex guided-wave superstructures such as ring-resonators and couplers.References 150
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LiNbO3 whispering gallery mode
resonators
5.1 Introduction
Optical microresonators have numerous applications in photonics. The thermal-reﬂow process
(or hot embossing) has been used to reduce signiﬁcantly sidewall surface roughness in polymer
(polystyrene) microring resonators [Chao 04a, Chao 04b], and this is clearly a very useful tech-
nique because it enables post-fabrication ﬁne-tuning of microresonator performance. However,
for the fabrication of complex, multilayer devices this procedure is less useful as the high tem-
peratures needed to reﬂow the polymer ﬁlm could also disturb lower cladding layers and possibly
alter optically active dopant molecules. Recently, a process for producing silica toroidal-shaped
microresonators-on-a-chip with Q factors in excess of 108 by using a combination of lithogra-
phy, dry etching and a selective reﬂow process has been demonstrated [Armani 03]. By selectively
heating and reﬂowing a patterned and undercut microdisk with the use of a CO2 laser, a toroidal
resonator with an atomically smooth surface was obtained. However, bulk melting is obviously
not suitable for materials with an underlying crystalline structure because it destroys the initial
crystal properties and possibly stoichiometry. Moreover, during solidiﬁcation, the original spher-
ical droplet of the melt may turn into an irregularly shaped structure with multiple facets and
crystal growth steps.
This chapter presents a fabrication method of LN microresonators based on the surface melting
at the temperature close to, but below, the melting point to surface-reshape the micro-structured
crystalline LN by surface tension, which can produce ultra-smooth surfaces while maintaining
the useful crystalline properties. There are many existing works on the theory and reviews of
whispering gallery resonators including [Stratton 07, Snyder 83, Barber 88, Chang 96, Fields 00,
Datsyuk 01, Oraevsky 02, Vahala 03, Benson 06]. In the ﬁrst several sections of the chapter, the
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whispering gallery mode (WGM) theory, characterisation, structures, coupling, pumping, mate-
rials and fabrication, are brieﬂy introduced. Following this, the fabrication process that includes
three steps of domain engineering, deep HF etching and thermal treatment is described. Crys-
tal quality after thermal treatment was investigated by piezoresponse force microscopy (PFM),
micro-Raman and preferential HF etching that conﬁrmed the as-virgin-bulk single crystalline
property. Preliminary optical characterisation then was performed on such a resonator structure
after thermal treatment.
5.2 Whispering gallery modes
(a) (b)
Figure 5.1: (a): the circular wall in St. Paul’s Cathedral where the whispering-gallery mode
was ﬁrst discovered. (b): illustration of propagation path of acoustic waves along the circular
wall with diameter of 42 m.
Whispering-gallery modes (WGM) are found in circular path resonant cavities. The WGM was
discovered in 1910 when Lord Rayleigh was conducting experiments on acoustic waves in the
dome of St. Paul’s Cathedral as shown in Fig. 5.1 [Rayleigh 12]. The experiment is to investigate
the sound propagation of the speaker in the oval shaped dome in the cathedral. The distant
listeners at speciﬁc locations were able to hear the whispering voice of the speaker from the
dome in the cathedral. This whispering sound was described as an acoustic wave traveling along
the wall path. Generalised properties of electromagnetic resonances in dielectric spheres were
widely discussed afterwards, with emphasis on the microwave, not yet optical, modes of the
spheres [Gastine 67, Aﬀolter 73]. The ﬁrst observations of WGMs in optics, optical whispering
gallery resonators (WGR), can be attributed to solid-state WGM lasers. Laser action has been
studied in Sm:CaF2 crystalline resonators [Garrett 61], whose size was in the millimeter range.
Pulsed laser operation due to complete internal reﬂection in a ruby ring at room temperature
has been observed [Walsh 63]. Short-lived transient oscillations rather than spikes in the laser
output were explained by assuming a WGM Q of 108 to 109.5 LiNbO3 whispering gallery mode resonators 157
Optical whispering-gallery resonators trap light in compact volumes by the mechanisms of total
internal reﬂection (TIR) of the light beam between the guiding medium and the surrounding
medium with the resonance condition achieved via mode wavefront matching per round trip.
Therefore, optical whispering gallery resonators enable light ampliﬁcation, and select out spe-
ciﬁc (resonant) frequencies of light that can be emitted or coupled into optical guides, and
can thereby lower the thresholds for lasing. Recent resonators have radii from 1 to 100 m
(microresonators) and can be fabricated in a wide range of materials. Optoelectronic devices
based on optical microresonators that strongly conﬁne photons form a basis for next-generation
compact-size, low-power and high-speed photonic circuits. By tailoring the resonator shape, size
or material composition, the microresonator can be tuned to support a spectrum of optical
modes with the required polarisation, frequency and emission patterns. This oﬀers the potential
for developing new types of photonic devices such as light emitting diodes, low-threshold micro-
lasers [Sandoghdar 96, McCall 92, Spillane 02], ultra-small optical ﬁlters [Jiao 87] and switches
[Blom 97] for wavelength-division-multiplexed (WDM) networks, color displays, etc. Further-
more, novel designs of microresonators open up very challenging fundamental science applica-
tions beyond optoelectronic device technologies. The interaction of active or reactive material
with the modal ﬁelds of optical microresonators provides key physical models for basic research
[Yokoyama 92, Yamamoto 93, Chang 96, Vahala 03] such as cavity quantum electrodynamics
(QED) experiments [Klitzing 01], spontaneous emission control [Yokoyama 95], nonlinear optics,
bio chemical sensing [Chao 03] and quantum information processing. Microresonator character-
isation, structures, coupling and lasing are brieﬂy introduced in the next sections.
5.3 Characterisation of whispering gallery resonators
For various applications it is often critical to realise a microresonator with compact size (small
modal volume), low loss (high mode quality factor), and large free spectral range (FSR).
5.3.1 Mode volume
Basic properties of a WGR include its geometrical characteristics of the ﬁeld localisation (mode
volume). Mode volume (Vm) is deﬁned as the integral of E2v in the resonator [Kriezis 92]
Vm =
R
E2 dv (5.1)
The volume of WGMs is an especially important parameter for nonlinear applications of the
resonators [Braginsky 89]. Also while using resonators as lasers which provide gain through
interaction of active atoms with trapped waveforms, the number of active atoms, being a mea-
sure of the gain, depends on the mode volume. The comparative characteristics of volumes5 LiNbO3 whispering gallery mode resonators 158
of WGMs in various kinds of WGRs can be found in [Spillane 05, Kippenberg 04, Vahala 03].
WGMs with the smallest mode volumes, close to one cubic wavelength, were realised in pho-
tonic crystal resonators [Painter 99, Srinivasan 04], disordered media resonators [Srinivasan 04],
microdisks [Gayral 99, Gayral 00], and microrings [Little 98]. It should be noted that although
ultra-compact microresonators enable large-scale integration and single-mode operation for a
broad range of wavelengths, such miniature resonators have much smaller Q-factors than bigger
WGM resonators.
5.3.2 Quality factor
Q-factor of an optical resonator is a measure of the resonator capacity to circulate and store
light. There are actually two diﬀerent common deﬁnitions of the Q factor of a resonator. The ﬁrst
deﬁnition is the ratio of the energy stored to the energy dissipated in the microresonator: the Q
factor is 2 times the ratio of the stored energy to the energy dissipated per oscillation cycle, or
equivalently the ratio of the stored energy to the energy dissipated per radian of the oscillation.
For a microwave or optical resonator, one oscillation cycle is understood as corresponding to the
ﬁeld oscillation period, not the round-trip period. Therefore, Q factor can be expressed as
Q =  
2f0"
d"=dt
(5.2)
where f0 is the resonance frequency; " is the stored energy in the cavity.
In practical device applications, the high Q of the microresonator mode translates into a narrow
resonance linewidth, long decay time, and high optical intensity. Thus, Q factor can also be
deﬁned via resonance bandwidth: as indicated in Fig. 5.2 the Q factor is the ratio of the resonance
frequency f0 and the full width at half-maximum (FWHM) bandwidth fFWHM of the resonance
Q =
f0
fFWHM
=
0
FWHM
(5.3)
Both deﬁnitions are equivalent only in the limit of weakly damped oscillations, i.e. for high Q
values. Some other important relations relating Q factor to other quantities involve:
1. The average lifetime of a resonant photon in the cavity is proportional to the cavity Q.
The Q factor equals 2 times the exponential decay time of the stored energy times the
optical frequency.
2. The Q factor equals 2 times the number of oscillation periods required for the stored
energy to decay to e 1 ( 37%) of its initial value.
3. The Q factor of an optical resonator equals the ﬁnesse times the optical frequency divided
by the free spectral range.5 LiNbO3 whispering gallery mode resonators 159
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Figure 5.2: The energy in the resonator versus frequency in the resonator. The resonance
frequency f0, its full width at half-maximum (FWHM) bandwidth fFWHM, Q factor Q, ﬁnesse
F, and free spectral range FSR are indicated.
High-Q optical resonators have various applications in fundamental research (e.g., in quantum
optics) and also in telecommunications (i.e. as optical ﬁlters for separating WDM channels). Also,
high-Q reference cavities are used in frequency metrology, i.e. for optical frequency standards.
The Q factor then inﬂuences the precision with which the optical frequency of a laser can be
stabilised to a cavity resonance. When the Q factor of a laser resonator is abruptly increased,
an intense laser pulse (giant pulse) can be generated. This method is called Q switching . The
ratio Q=Vm determines the strength of various light-matter interactions in the microresonator,
i.e., enhancement of the spontaneous emission rate, and should be maximised for microlaser
applications and QED experiments. However, high-Q microresonators of optical-wavelength size
(small Vm) are diﬃcult to fabricate, as the WG-mode Q-factor decreases exponentially with the
cavity size, and thus in general the demands for a high Q-factor and compactness (large FSR,
small Vm) are contradictory. Possibilities for achieving very high Q values lie with toroidal silica
microcavities with dimensions of the order of 100 m and Q factors well above 108 [Armani 03],
and silica microspheres with whispering gallery resonator modes exhibiting Q factors around
1010 [Lefevre-Seguin 99].
5.3.3 Free spectral range and ﬁnesse
The free spectral range (FSR) of an optical resonator (cavity) is the spacing between neighboring
high-Q resonances as shown in Fig. 5.2. Wide FSR is often required to accommodate many
WDM channels within the erbium ampliﬁer communications window. The ﬁnesse of an optical
resonator (cavity) is deﬁned as its free spectral range divided by the (full width at half-maximum)
bandwidth of one resonance as:
F =
FSR
fFWHM
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It is fully determined by the resonator losses and is independent of the resonator length. If a
fraction  of the circulating power is remaining after one round-trip (i.e., a fraction 1  of the
power is lost) when there is no incident ﬁeld from outside the resonator, the ﬁnesse is
F =
2
1   
(5.5)
where the approximation holds for low losses (i.e. for high ﬁnesse).
A high ﬁnesse can be useful for optical spectrum analysis, because it allows the combination of a
large free spectral range with a small resonator bandwidth. Therefore, a high spectral resolution
in a wide spectral range is possible. A very high ﬁnesse (above 106) can be achieved in certain
microcavities based on whispering gallery modes.
5.4 Optical resonator structures
The spectra of optical modes supported by microresonators are shape and size dependent. A very
wide range of microresonator shapes has been explored over the years for various applications.
Fig. 5.3 lists some of the most popular optical microresonator types using TIR as light con-
ﬁnement, as well as their modal ﬁeld intensity distribution and basic features. The most widely
used are rotationally symmetric structures such as spheres, cylinders, toroids, and disks, which
have been shown to support very high-Q whispering-gallery modes whose modal ﬁeld intensity
distribution is concentrated near the dielectric-air interface [Benson 06].
Silica microspheres [Fig. 5.3(a)] exhibit the highest ( 9109) Q-factors [Vernooy 98, Laine 01,
Braginsky 89, Gorodetsky 96, Lefevre-Seguin 97], yet have a very dense spectrum of multiple-
degenerate WGM, which complicates their application for spectral analysis or laser stabilisation.
Recently proposed micro-toroidal resonators [Fig. 5.3(b)] [Ilchenko 01, Armani 03, Vahala 03,
Polman 04] not only demonstrate very high WGM Q-factors approaching those of microspheres
but also enable reduction of WGM volume, increase of resonator FSR, and on-chip integration
with other components.
Circular high-index-contrast microring and microdisk resonators [Fig. 5.3(c)] based on planar
waveguide technology with diameters as small as 1   10 m are able to support strongly-
conﬁned WGM with typical Q-factors of 104   105 and are widely used as microlaser cavities
[Levi 93, Baba 97b, Cao 00, Zhang 96] and add/drop ﬁlters for WDM networks [Hagness 97,
Little 97, Little 99, Chin 99, Kippenberg 03, Savchenkov 04]. Recently, record Q-factors have
been demonstrated in wedge-edge microdisk resonators (Q in excess of 106 [Kippenberg 03]) and
in polished crystalline microcavities (Q > 1010 [Savchenkov 04]).5 LiNbO3 whispering gallery mode resonators 161
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Figure 5.3: Types of optical microresonators summarised in [Benson 06]. (a): microspheres
and I of WG10;1 mode: Q = 107   9  109, large Vm, dense model spectrum, challenging
on-chip integration. (b): microtorus: Q = 5  108, Vm < spheres, reduced azimuthal-mode
spectrum, suitable for on-chip integration. (c): microdisk (microring) and I of WG10;1 mode:
Q = 104 105, small Vm, higher-radial-order WGM eliminated, suitable for planner integration.
(d): quadrupolar and bow-tie mode: Q = 850   1500, highly directional emission, high FSR of
the bow-tie modes, eﬃcient coupling to planner waveguides.5 LiNbO3 whispering gallery mode resonators 162
Along with circular microdisk resonators, cavities of elliptical [Noeckel 94, Backes 99, Boriskina 03,
Kim 04], quadrupolar [Noeckel 94, Gmachl 98, Fukushima 04, Gianordoli 00, Chin 99] and square
[Poon 01, Ling 03, Manolatou 99, Hammer 02, Fong 03, Guo 03, Boriskina 04, Boriskina 05]
shapes have attracted much interest. Depending on their size and degree of deformation, these
microresonators can support several types of optical modes with signiﬁcantly diﬀerent Q-factors,
near-ﬁeld intensity distributions, and emission patterns: bow-tie modes in quadrupoles in Fig.
5.3(d), distorted WG modes, volume and two-bounce oscillations, etc. Such resonators oﬀer ad-
vantage for various ﬁlter and laser applications as they provide splitting of the doubly-degenerate
WG modes, directional light emission and more eﬃcient microresonator-to-straight-waveguide
coupling.
5.5 Microresonator coupling techniques
One of the most diﬃcult challenges in the design and fabrication of integrated microresonator-
based photonic devices and systems is the eﬃcient coupling of light into and out of a microres-
onator without compromising its narrow resonance linewidth. Furthermore, the cost and robust-
ness of fabrication, simplicity of the microresonator-to-coupler alignment, as well as ability to
provide on-chip integration are very important factors in the development of advanced microres-
onator couplers. Actually, the WGR-based devices became commercially available [Little 04]
only recently, because of a well-developed waveguide coupling technique.
Free-beam optics does not allow eﬃcient coupling with ultra-high-Q WGMs in large enough
resonators. Such coupling relies upon radiative exchange of a WGM with external space. This
radiative exchange is extremely small and simply negligible in the vast majority of experiments.
The eﬃciency of optical power transfer in/out of a microresonator is actually controlled by
1) manipulating the overlap between the resonator and coupler mode ﬁelds, 2) matching of the
mode propagation constants (phase synchronisation), or 3) changing the length of the evanescent-
ﬁeld coupling region. The eﬃcient coupling to the microresonators can be achieved by various
evanescent techniques, such as the following:
1. prism coupling [Fig. 5.4(a)]: the light was directed to the surface of the prism to achieve
the total internal reﬂection. The evanescent ﬁeld was presented at the surface and was
coupled into the spherical resonator [Braginsky 89, Gorodetsky 94, Collot 93].
2. tapered ﬁbre coupling [Fig. 5.4(b)]: the ﬁbre was heated and stretched to achieve a very
thin coupling region. Light traveled along the silica waist and coupled the evanescent ﬁeld
to the resonator that was in close proximity [Knight 97].
3. angle-polished ﬁbre coupling [Fig. 5.4(c)]: it combines the use of an optical ﬁbre and the
advantage of the prism coupling method. The core-guided wave undergoes total internal5 LiNbO3 whispering gallery mode resonators 163
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Figure 5.4: Various types of microresonator coupling devices. (a): prism coupling. (b): tapered
ﬁbre coupling. (c): angle-polished ﬁbre coupling. (d): ﬁbre half-block coupling. (e): etch-eroded
ﬁbre coupling. (f): optical waveguide coupling.
reﬂection, however, it is more convenient since the evanescent ﬁeld at the angle-polished
tip of the ﬁbre is generated from the light that propagates through the ﬁbre [Ilchenko 99].
4. ﬁbre half-block coupling [Fig. 5.4(d)]: a polished-to-core optical ﬁbre is buried in a metal
block which allows the resonator to interact directly with the evanescent ﬁeld from the
ﬁbre core [Knight 95, Serpengüzel 95, Griﬀel 96, Dubreuil 95].
5. etch-eroded ﬁbre coupling [Fig. 5.4(e)]: the ﬁbre cladding was chemically eroded, by using
hydroﬂuoric acid as an etching solution, so that the core of the ﬁbre could be exposed fully.
The interaction of the evanescent ﬁelds will take place only at the core of the coupling region
[Laine 99].
6. waveguide coupling [Fig. 5.4(f)]: it provides a better coupling structure for complex circuit
integration with microdisk and microring resonators [Little 00, Laine 00, Yariv 99].
Each of the methods requires careful alignment, because the gap between the microsphere and
the prism has to be at an optimum to achieve high coupling eﬃciency.
5.6 WGM lasers
Lasers belong to one of the most obvious applications of WGRs. The high quality factor of the res-
onators allows for signiﬁcant reduction of the lasing threshold. Additionally, narrow linewidths of5 LiNbO3 whispering gallery mode resonators 164
WGMs warrant narrow spectral characteristics of the lasers. The ﬁrst WGM lasers were realised
in solid materials [Garrett 61, Walsh 63, Roess 64]. The essential elements of the laser system
consist of the laser medium, pumping process, and feedback element. The population inversion
occurs when the atoms are pumped from the ground level of the system to the upper level.
Laser action is obtained when the atoms decay from the metastable level to the lower level by
stimulated emission. Microresonators, microsphere particles and microdroplets, doped with rare-
earth (or lanthanide) ions or dyes, exhibit laser action when these active impurities in the host
material are excited. Rare-earth ions in the form of trivalent ions such as neodymium (Nd3+),
thulium (Tm3+), praesodymium (Pr3+), erbium (Er3+) and ytterbium (Yb3+) are widely used
as dopants, while the well known host materials in use are glasses and crystals.
5.7 LiNbO3 WGM resonators
Progress in the design and fabrication of high-quality optical microresonators is closely related
to the development of novel optical materials and technologies. The key material systems used
for microresonator fabrication include silica, silica on silicon, silicon, silicon on insulator, sili-
con nitride and oxynitride, polymers, semiconductors such as GaAs, InP, GaInAsP, GaN, etc,
and crystalline materials such as lithium niobate and calcium ﬂuoride. Of course, GaAs, InP,
and GaN- based semiconductors have attracted much attention as the materials for microres-
onator device fabrication [Baba 97a, Gianordoli 00, Grover 01], as they enable very compact
resonator structures that can perform passive (coupling, splitting and multiplexing) and active
(light generation, ampliﬁcation, detection, modulation) functions in the same material system.
Other attractive materials for high-Q microresonator fabrication, which combine a wide optical
transparency window, a good electro-optic coeﬃcient and nonlinearity, are crystalline materials
such as lithium niobate [Savchenkov 05] which is the main investigated material of this thesis.
5.7.1 Q factor considerations
Crystalline materials could theoretically exhibit higher Q factors as they have a perfect lattice
without the imperfections, inclusions, and inhomogeneities that are always present in amorphous
materials and which can be sources of optical power loss. The window of transparency for many
crystalline materials is also much wider than amorphous materials. Therefore, with suﬃciently
high purity material, much smaller attenuation in the middle of the transparency window can
be expected as both the Rayleigh scattering edge and the multi-phonon absorption edge are
pushed further apart towards the ultraviolet and infrared regions, respectively. Moreover, crystals
may suﬀer fewer, or no, extrinsic absorption caused by chemisorption of OH  ions and water
[Benabid 99]. For LN crystals, high Q  2108 at  = 2:014 m (  510 4 cm 1) has been5 LiNbO3 whispering gallery mode resonators 165
reported for a multiple total-internal-reﬂection resonator [Serkland 94]. The same value of Q at
 = 1:3 m was obtained in a polished disk resonator [Savchenkov 04].
5.7.2 Nonlinear applications
Apart from the high Q provided by the optical crystals, the motivation behind LN WGM res-
onators is also to utilise the signal stored at resonance within the cavity to enhance the eﬃciency
of nonlinear optical processes such as nonlinear frequency generation. For a second order non-
linear optical process in the small signal regime, the conversion eﬃciency is proportional to the
fundamental intensity and the square of the propagation length within the optical device. Ob-
viously, higher eﬃciency for this kind of process in traditional linear devices requires a longer
length that imposes a limitation for integration with any other micro-optical systems. However,
high Q within a microcavity implies a longer eﬀective integration length within a small volume.
Hence multiple round trips within the microcavity can equate to the longer length of larger non-
resonant devices. Therefore, they can serve as platforms for eﬃcient nonlinear optical processes
while at the same time maintaining small devices size, both compact and integratable with other
devices.
(a1) (a2) (b)
Figure 5.5: Examples of periodic poling to achieve quasi phase matching for WGMs. Red
regions are the poled parts with inverted polarisations. (a1) [Sasagawa 09] and (a2) [Ilchenko 03]:
poling symmetric with respect to the cavity center. (b2) [Ilchenko 03]: stripelike poling.
For a build-up of nonlinear frequency generation, a phase matching condition between fundamen-
tal wave and nonlinear frequency generation needs to be satisﬁed. This can be achieved either
by quasi-phase matching (periodic poling of a resonator structure) [Sasagawa 09, Ilchenko 03] as
shown in Fig. 5.5 or by Fresnel phase matching [Raybaut 07]. Fresnel phase matching is achieved
by utilising the relative Fresnel phase shift between the fundamental wave and nonlinear fre-
quency generation, induced upon total internal reﬂection (TIR) at the medium-air interface, to
compensate for the dispersion phase mismatch.5 LiNbO3 whispering gallery mode resonators 166
5.7.3 Fabrication of LiNbO3 WGM resonators
Recent advances in polishing techniques have allowed the fabrication of large ( 5 mm-diameter
and 100 m thick) disk and toroidal microresonators of crystalline materials, including LN that
ﬁnd use as highly eﬃcient electro-optical modulators [Savchenkov 05, Savchenkov 04] and har-
monic generator [Sasagawa 09]. Q factors as high as Q > 1010 has been achieved [Savchenkov 04].
With the approach of polishing, the original crystal structure and composition is preserved, and
the unique nonlinear crystal properties are enhanced with the small volume of the high-Q cavity.
Total internal reﬂection at the walls of the WGRs provides the eﬀect of an ultra-broadband mir-
ror, allowing very high Q-factors across the whole material transparency range. This property
makes crystalline WGRs a unique tool for optical materials studies.
Due to the strong etching resistance of LN crystals, the waveguide structures and then fabrication
techniques that are used in other materials to produce a microring resonator cannot be applied
for LiNbO3. Titanium-diﬀused and proton exchanged waveguides on LiNbO3 provide insuﬃcient
lateral optical conﬁnement, which results in a serious leakage of optical power in the small-
radius microring resonator. Under such a restriction, only millimeter-radius ring resonators can
be produced in LiNbO3 [Mahapatra 85, Chen 04]. Their extremely small free-spectral range
(FSR) has seriously limited the range of applications. This problem of insuﬃcient lateral optical
conﬁnement however has been well solved recently by microstructuring of LN so that ridges at
the waveguides provide the strong lateral conﬁnement. The techniques of microstrucuring involve
wet-etching [Wang 07b, Wang 07a], ion slicing [Guarino 07], or Ar+ sputtering [Majkic 08]. The
high lateral optical conﬁnement thus enables small dimensions of micro-rings (radius < 100 m)
with 1:5   2:0 nm FSR. The results have been listed in Table 5.1 summarised in [Majkic 08].
Table 5.1: Properties of microring LN resonators summarised in [Majkic 08]: fabrication tech-
niques, propagating wavelength , refractive index change n, radius of rings r, loss, and FSR.
Fabrication  n r Loss FSR Ref.
(m) (m) (dBcm 1) (nm)
PE 0.79  0:01 1500 1:4   4:2 0.027 [Mahapatra 85]
Ti-indiﬀusion 1.5  0:04 100   1.42 [Wang 07b, Wang 07a]
F-implantation 1.5 0.65 80 7.8 2.0 [Majkic 08]
Ion slicing 1.5 0.65 100 17 1.66 [Guarino 07]
PE = proton exchange
F = Fluorine
Here, a surface melting thermal treatment was applied to both form the resonator structure and
simultaneously reduce the surface roughness.5 LiNbO3 whispering gallery mode resonators 167
5.8 Fabrication of LiNbO3 WGM structures via surface tension
reshaping
In this section, LN WGM resonators fabricated via surface tension reshaping of micro-structured
crystalline substrates is demonstrated which can produce ultra-smooth surfaces with low scatter-
ing loss, while maintaining the useful crystalline properties of the original material. The method
is based on the observation that annealing of a crystal at temperatures close to, but lower than,
the melting point induces preferential melting of a surface layer [Lipowsky 90] (surface melt-
ing). Upon cooling the melted surface layer re-crystallises, seeded by the bulk that remains solid
during the process, and is reshaped by the surface tension to form ultra-smooth single crystal su-
perstructures. The fabrication process involves three steps of: 1) domain engineering to produce
domain structures of limited depth, 2) HF etching to produce the initial surface microstructures,
and 3) annealing to temperatures close to the melting point to achieve surface melting and
surface tension reshaping of the initial structure. The schematic is illustrated in Fig. 5.6.
(a) domain engineering
surface domain
Ps Ps
(b) deep HF etching
Ps
(c) thermal treatment
Ps
Ps
Ps
Figure 5.6: Schematic of the process to fabricate LN resonators via surface melting. (a):
domain engineering to produce a surface domain. (b): preferential HF etching to fabricate the
initial surface microstructures. (c): thermal treatment.5 LiNbO3 whispering gallery mode resonators 168
5.8.1 Initial structures for thermal treatment
The crystals used were 0.5 mm thick, optical grade, z-cut, undoped congruent LN wafers from
Crystal Tech, Inc. (US). Domain engineering was achieved either by poling-inhibition or light-
assisted poling. The domain engineering methods were applied to deﬁne disc shaped +z surface
domains with 5   30 m diameter, e.g., a 5 m PI disc domain in Fig. 5.7. Upon HF etching,
the disk domain pattern develops into a micro-structured pillar as illustrated in Fig. 5.8(a1-3).
The undercut top section which is schematically illustrated in Fig. 5.8(a1-3) is a consequence
of the limited depth of the domain structures which is crucial for forming a structure that can
provide vertical conﬁnement.
3 m m
Figure 5.7: 5 m +z face disk domains fabricated via poling-inhibition. Brief HF etching was
used to reveal the domain structures.
5.8.2 Thermal treatment
The melting temperature for congruently melting lithium niobate crystals is 1257C (data pro-
vided by Crystal technology, Inc. US) and the Curie temperature which marks the ferroelectric
to paraelectric phase transition is 1142C (however this value does depend on the exact com-
position of the crystal and changes substantially with the lithium content). After fabrication of
the initial etched structure, the samples were then heated to a temperature which is close to
the melting temperature of the crystal. The appropriate temperature to achieve good quality
resonators was found to be a function of the initial structure dimensions. Although the ther-
mal treatment temperature is below the melting point of the bulk, preferential melting of the
surface is possible with the thickness of the melted zone being a function of the temperature
[Lipowsky 90].
The thermal treatment was conducted in a furnace with oxygen ﬂow at 0.5 Lmin 1 to suppress
the Li2O outdiﬀusion. The temperature ramping rate in all cases of thermal treatment, unless
speciﬁcally stated, is 3Cmin 1 for heating. The cooling rate was also set to be 3Cmin 1,
however in the low temperature range below 400C it is not determined by the furnace temper-
ature controller and is much slower than this value. The position of the sample in the furnace5 LiNbO3 whispering gallery mode resonators 169
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Figure 5.8: SEM images tilted at 60. (a1-3): initial structures developed from HF etching of
+z face disk domains with various dimensions. (b1-3): ultrasmooth resonator structures after
thermal treating the corresponding initial structure in (a1-3).
was found to have an impact to the homogeneity of the thermal treatment: i.e. if the sample is
placed upside-down on the edges of an alumina boat (with platinum wire in between) as shown
in Fig. 5.9(a), the region closer to the alumina boat edge seems to experience higher temperature
than the area away from the edge. The heating inhomogeneity can be eliminated by hanging the
sample in the center of the furnace using platinum wires. The temperature during the thermal
treatment is monitored by a thermocouple placed next to the sample.5 LiNbO3 whispering gallery mode resonators 170
(a) platinum-hanged sample (b)
platinum
wire
sample
platinum
wire
sample
alumina
boat
A
B
Figure 5.9: (a): sample is placed upside-down on a alumina boat with platinum wires in-
between. The region at the boat edges, at point A, tends to melt more severely than in the
centre, at point B. (b): sample supported by platinum wires.
5.8.3 Surface tension reshaped structures
In Fig. 5.8 which was shown in the previous Sec. 5.8.1, the transition between the initial etched
microstructure to the ﬁnal, reshaped by surface tension, was illustrated. Such structures are
suitable for supporting WGMs while the smooth side surface guarantees low scattering loss. Its
small dimensions (< 50 m) can reduce dramatically the number of supported WGMs and in-
crease the device FSR. Both features are beneﬁcial in a number of advanced optical applications
such as optical ﬁlters and lasers. Fig. 5.10 shows a variety of obtained surface tension reshaped
structures with a wide range of sizes and shapes that are expected to be suitable for WGM
resonator applications, i.e. (a): 5 m sphere, (b): 3 m capsule, (c-d): 3 m double spheres, (e-g)
and (h-i): 7 and 30 m pillars. It was found that a correspondence exists between the initial
structure, thermal-treatment conditions and the ﬁnal structure. The dynamics of how the initial
structure develops into the resultant structure for a speciﬁc thermal treatment condition need to
be further investigated and modeled. However, the present experimental results suggest that for
substantial reshaping to occur the thickness of the surface melted layer must be comparable to
the dimensions of the initial microstructure. Hence, larger structures require higher temperatures
for reshaping. Fig. 5.11 lists a series of successive 1-hour thermal treatments of a pillar structure
with increasing temperature from 1212C to 1253C. The succession of SEM images shows that
although some smoothing of sharp feature can be observed at lower temperatures, substantial
reshaping of this particular pillar requires a temperature of 1253C which is much higher than
in the case of smaller structures.5 LiNbO3 whispering gallery mode resonators 171
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Figure 5.10: SEM images tilted at 60 of various structures fabricated from thermal treating
the initial structure under diﬀerent conditions.5 LiNbO3 whispering gallery mode resonators 172
(a) after etching
30 m m
(b) 1212˚C, 1hr
(d) +1253˚C, 1hr (c) +1240˚C, 1hr
30 m m
30 m m 30 m m
Figure 5.11: SEM images tilted at 60 of an initial structure that had undergone a series
of 1-hour thermal treatments at progressively increasing temperatures at: 1212, 1214, 1217,
1223, 1240, and 1253C. (a): initial structure before thermal treatment. (b), (c), and (d): struc-
ture after ﬁrst 1-hour 1212C, the 1-hour 1240C, and the 1-hour 1253C thermal treatment
respectively.5 LiNbO3 whispering gallery mode resonators 173
5.9 Crystal quality after thermal treatment
In order to assess the quality of the crystal after the thermal process the annealed crystal surface
was investigated using piezoresponse force microscopy (PFM) [Jungk 06], Raman spectroscopy
and ﬁnally chemical etching.
5.9.1 Piezoresponse force microscopy
A series of small area PFM scans was performed on various locations of the thermal-treated
microstructured substrate. All PFM images obtained in these scans shown the very same uni-
form grey-level, and thus the same piezoresponse, indicating that the melted and re-solidiﬁed
surface is single domain and piezoelectric. In order to quantify the piezoresponse obtained on the
annealed substrate, a comparative measurement was performed on an untreated multi-domain
single crystal (PPLN). It thereby showed that the amplitude of the PFM signal measured on
the microstructured substrate is identical to the one on the  z face of the untreated sample. In
addition, strong surface charging on the re-solidiﬁed material was observed [Johann 09]. Based
on this evidence it was concluded that the annealed microstructured substrate is both single
crystal and ferroelectric. Micro-Raman spectroscopy and chemical etching further corroborated
the PFM results.
5.9.2 Micro-Raman
A sample was prepared for Raman spectroscopic investigation of a thermally treated crystal.
Fig. 5.12(a) shows a 2D array of micro-pyramids which exhibit a rough side surface and a sharp
tip developed from prolonged etching of poling-inhibited disc shaped domains. The sample was
then subjected to thermal treatment to a temperature of 1130C for 50 hrs in a continuous
ﬂow of oxygen gas. The temperature was ramped up at a rate of 5Cmin 1 and after the
required dwell time it was ramped down also at a rate of 5Cmin 1. The surface topography
after annealing is shown in the SEM image of Fig. 5.12(b) and also in 5.12(c, d) at diﬀerent
views. It is obvious that all the sharp features have been smoothed out as the micro-structures
have been reshaped by the surface tension. Then, a set of spatially-selective Raman spectra was
acquired from diﬀerent positions on the thermal-treated micro-structured substrate as indicated
in Fig. 5.12(b, c and d). The micro-Raman spectrometer which was used to acquire the spectra
employed a 50 microscope objective to both focus the probe laser beam and collect the Raman
signal. The depth resolution of the system is limited by the depth of focus of the objective
which is less than 1 m. Fig. 5.13 shows a set of Raman spectra which were acquired from a
single reshaped tip. These Raman spectra were taken under diﬀerent focusing conditions and
can be compared to a reference spectrum (solid line) taken from an unstructured and untreated5 LiNbO3 whispering gallery mode resonators 174
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Figure 5.12: SEM images (image a, b, c tilted at 60). (a): 2D array of micro-pyramids pro-
duced by etching of poling-inhibited disc domains. (b),(c), and (d): two diﬀerent tilted views,
and one top view of the surface tension reshaped array after thermal treatment. The numbers
correspond to points where micro Raman spectra (Fig. 5.13) was acquired from.
z-cut substrate in the z(yy)z conﬁguration [Ridah 97]. The dashed line (spectrum 1) corresponds
to a well-focused acquisition from a spot on the top of a single tip, while the dash-dotted line
(spectrum 2) corresponds to a slightly defocused acquisition on the same spot. Finally the dotted
line (spectrum 3) corresponds to a spot between two adjacent tips (focused acquisition). The
acquisition of spectra under diﬀerent focusing conditions was performed in order to collect signals
from the surface layers of the structure, which had experienced melting, in order to detect any
possible structural changes after the process. However, there was no obvious diﬀerence between
these spectra (dashed and dash-dotted line in Fig. 5.13).
Further observation of the spectra reveals that some Raman lines corresponding to the reshaped
tips appear to be shifted with respect to the corresponding peaks in the reference spectrum (the
582 cm 1 peak in particular) while others (like the 432 cm 1 and 873 cm 1 peaks) exhibit a
relative intensity change as compared to the reference spectrum. Raman spectra of crystalline5 LiNbO3 whispering gallery mode resonators 175
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Figure 5.13: Raman spectra acquired from diﬀerent points on the annealed microstructured
sample shown in Fig. 5.12(b, c and d) and with diﬀerent focusing conditions as indicated in the
legend. The solid line corresponds to a spectrum that was taken from a virgin z-cut sample in
the z(yy)z conﬁguration. An oﬀset was introduced between spectra for clarity.
materials however are subject to selection rules which depend on the speciﬁcs of the crystal
face and polarisation mode of the exciting beam and the detection channel. Since the annealed
structure is curved it does not present a pure z-face to the incidence direction of the interrogating
laser beam: the entrance/exit faces are in general diﬀerent compared to the reference z-cut
substrate. Additionally, the curved interfaces can alter the polarisation state of both the exciting
beam and of the collected signal. These factors which inﬂuence both the position and intensity
of the Raman peaks are likely to be responsible for the diﬀerences which are observed between
the various Raman spectra taken from the reshaped surface and the reference spectrum taken
from the pure z-cut crystal.
5.9.3 Preferential HF etching
The lateral diﬀerential etching between opposite y-faces has been used earlier for the visualisation
of the ferroelectric domain structure of the crystal. However, as a consequence of the threefold
symmetry of the lithium niobate crystal structure, there are three indistinguishable pairs of y-
faces corresponding to three y-axes which are rotated by 120 with respect to each other. This
threefold symmetry can be readily identiﬁed in the x-y cross-section of etched isolated inverted
domains. Here HF acid etching was used to look for this characteristic threefold symmetry on
the re-solidiﬁed crystal features in order to assess the quality of the thermally treated crystal.
Fig. 5.14(a) shows an SEM image of a smoothed feature as a result of the surface tension
reshaping that took place during the thermal treatment. After brief etching (15 mins) in HF5 LiNbO3 whispering gallery mode resonators 176
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Figure 5.14: SEM images tilted at 60. (a): a surface tension reshaped feature. (b): a feature
brieﬂy etched in HF for 15 mins showing characteristic y-face diﬀerential etching as indicated
by the arrows. (c): a further 3-hour etching reveals the threefold symmetric in the inner part of
the reshaped structure.
acid, characteristic facets (due to diﬀerential etching between opposite y-faces) start to emerge
revealing the characteristic threefold-symmetry of lithium niobate as shown in the SEM image
of Fig. 5.14(b). A further 3-hour etching reveals the threefold-symmetry in the inner part of the
reshaped structure. Thus, it veriﬁes that both the surface layer and the inner part of reshaped
structure after thermal treatment is still crystalline with threefold symmetry.
5.9.4 Thermal treatment temperature > Curie temperature
It is important to note that the temperatures which are used for the thermal treatment are
not necessarily lower than the Curie temperature. In the cases where the temperature was kept
just below the Curie point, it is expected that the bulk of the processed material is still single
crystal and ferroelectric throughout the thermal processing, while the surface undergoes melting.
However even when the crystal was treated at temperatures higher than the Curie temperature
it was found that there is always a substantially deep layer of the crystal that maintains a
single polarisation state. Although similar observations have been made in thermally-treated
LiTaO3 crystals at temperatures exceeding the Curie temperature [Åhlfeldt 94], such results
on LiNbO3 have not been reported. The prolonged thermal treatment can lead to lithium out-
diﬀusion which may be substantial and which consequently leads to domain inversion on the +z
face of the crystal. As a result a uniform domain-inverted layer is formed with a depth which
depends on the duration of the thermal treatment. It was observed that in extreme cases where
a crystal slab is annealed at temperatures exceeding the Curie point, the depth of the domain-
inverted layer can reach half the slab thickness. Interestingly though both of the two sections
of the slab remain single domain. Etching in HF acid is routinely used to reveal the presence of5 LiNbO3 whispering gallery mode resonators 177
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Figure 5.15: Etching of the y-face of a z-cut crystal slab annealed at T = 1200C (above the
Curie temperature) for 10 hrs reveals the resultant ferroelectric domain structure.
inverted ferroelectric domains in lithium niobate as the two opposite z-faces of the crystal etch at
diﬀerent rates (actually the +z face remains totally unaﬀected by the acid) [Sones 02]. However,
diﬀerential etching can also be observed between opposite y-faces of the crystal. The topography
of the etched y-face can reveal the domain structure of a multi-domain lithium niobate crystal
because, as has been shown in [Sono 06], domain inversion corresponds to a 180 rotation of
the z-axis around the x-axis of the crystal. Consequently the y-axis is also rotated by 180 and
hence opposite ferroelectric domains present opposite y-faces on the same y surface. The etched
y-face of the crystal slab which was thermally treated at a temperature (1200C) exceeding
the Curie temperature (1142C) is shown in the SEM image of Fig. 5.15 where the two single
domain regions are clearly visible due to the diﬀerential etching of the opposite y-faces which are
presented on the same y surface as indicated in the ﬁgure. The top edge of the image corresponds
to the original  z face of the sample while the bottom edge corresponds to the original +z face
which has now been domain-inverted, as a consequence of thermal annealing, to form a  z face.
Consequently, after annealing the crystal presents a  z face on both z surfaces.
5.10 Optical characterisation of resonators
Some preliminary results on the optical characterisation of surface tension reshaped WGM LN
microresonators will be presented here. The WGM microresonator structure that has been inves-
tigated is shown in the SEM image of Fig. 5.16. The microresonator diameter at its widest point
was estimated to be 80 m from the SEM image. Fig. 5.17 illustrates the experimental conﬁg-
uration used to simultaneously excite and probe the optical resonances. A U-shaped (diameter
 1 cm) multi-mode silica ﬁbre taper with a waist diameter of about 2 m was used to couple5 LiNbO3 whispering gallery mode resonators 178
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Figure 5.16: 60-tilted SEM image of the resonator structure used for optical characterisation.
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Figure 5.17: Schematic of the experimental conﬁguration used to simultaneously excite and
probe the optical modes in the microresonator. An optical micrograph shows a tapered optical
ﬁbre coupled to the microresonator.
light into and out of the microresonator. Micro-positioning stages were used to place the tapered
ﬁbre in close proximity to the resonator. It was observed that the ﬁbre taper, when approaching
the resonator, is attracted by the resonator and sticks to it. Therefore, keeping a small accurate
distance between ﬁbre and resonator is impossible and in all experiments the ﬁbre taper was in
physical contact with the microresonator. The resonator has been excited at various points by
moving the point of contact between the structure and the taper at diﬀerent heights.5 LiNbO3 whispering gallery mode resonators 179
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Figure 5.18: Scattered and transmitted signal with ﬁtted Lorentzian used for the determination
of Q factors of the microresonator.
To couple light into the resonator, one of the pigtails of the ﬁbre taper was connected to a
tunable laser. The tunable laser source, which was an Agilent 81600B, with tuning range from
1440 to 1640 nm, was used to scan the wavelength of the incoupled light. The laser linewidth was
100 kHz and the tuning step was 0.1 pm. An infra-red camera was used to image the resonator
when excited with the laser. To investigate the resonances, the other end of the ﬁbre taper was
connected to a InGaAs detector to monitor the transmitted light power during the scanning
of the input wavelength. The light scattered from the resonator was collected by the objective
which was used for the observation of the coupling and was monitored using a second InGaAs
detector. Fig. 5.18 shows the transmitted and scattered spectra of the microresonator. Lorentzian
ﬁts were applied to the measured data in order to calculate the Q of the dominant resonances.
The Q factor was deduced to be around 5600 with a FSR of 4.55 nm.5 LiNbO3 whispering gallery mode resonators 180
5.11 Future work
The transition from the initial microstructure to the ﬁnal surface tension reshaped structure
needs to be well understood, and most importantly controlled, in order to be used for any
practical application. It is therefore important to be able to model the heat treatment process in
order to be able to predict the ﬁnal reshaped structure and to deﬁne the processing conditions.
Furthermore due to the diﬀerential etching between opposite y-faces, the initial circular shape of
the PI disc domains develops into a pillar [Fig. 5.19(a)] with a triangular cross section as shown
in Fig. 5.19(b). However, microresonators with a circular cross section are more desirable as they
30 m m 10 m m
z y (a) (b)
Figure 5.19: SEM images tilted at 60. (a): a thermally-treated toroidal resonator structure.
(b): view of the top reveals its non-circular shape with characteristic threefold symmetry. The
red dashed lines are the proposed domain structure to compensate the preferential etching in
order to obtain a more circular shape after etching and thermal treatment.
will exhibit higher Q factors. One way to circumvent this problem is by pre-shaping the initial
PI domain in order to compensate for the eﬀect of the diﬀerential y-face etching, i.e., as the red
dashed shape in Fig. 5.19(b).
Improvements in the optical characterisation involves ﬁrstly better coupling into high index LN
resonators with also ﬁbre tapers fabricated out of higher index glass. The wavelength selectivity
and the strength of evanescent excitation of the resonator depends upon the degree of phase-
matching and spatial overlap between the tapered-ﬁbre ﬁeld and the resonator mode ﬁelds
at the diﬀerent positions of the tapered ﬁbre. Thus, refractive index diﬀerence of silica ﬁbre
( 1:44   1:46 at 1550 nm) that applied in Sec. 5.10 and LN (ne  2:139 at 1550 nm) can lead
to an ineﬃcient coupling.
Finally, the resonator can be doped with rare earth ions, such as Nd or Er for lasing applications.
Doped resonators can be pumped collectively (without having to couple into WGM’s while the5 LiNbO3 whispering gallery mode resonators 181
resonances can be readily detected in the lasing spectrum). This is a scheme that can signiﬁcantly
simplify the optical characterisation process.
5.12 Summary
Thermal treatment of micro-structured lithium niobate substrates at temperatures close to, but
below the melting point, allows surface tension to reshape preferentially melted surface zones of
the crystal. The fabrication process involves domain engineering, HF deep etching and thermal
treatment. Resonator structures of diﬀerent dimensions have been fabricated. The reshaped
surface re-crystallises upon cooling to form a single crystal again as it is seeded by the bulk which
remains solid throughout the process. The preserved crystal quality after thermal treatment was
investigated and conﬁrmed by PFM, micro-Raman, and preferential HF etching. This procedure
yields ultra-smooth single crystal superstructures suitable for the fabrication of photonic micro-
components with low scattering loss. Preliminary optical characterisation was conducted in a
resonator structure which gives a Q factor of 5600 and FSR of 4.55 nm.References 182
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Future work
A set of methods has been presented in this thesis for the processing of lithium niobate crystals
in terms of domain engineering, waveguide fabrication and surface micro-structuring which hold
potential for the realisation of photonic devices in versatile optical crystal. However, further
development will be required to be able to further understand and control several aspects of
these methods for practical applications. Some suggestions for further work is given here.
Extension of surface to bulk domain engineering of LN
At present m size surface domains can be routinely fabricated in LN. However the applicability
of these domains is limited to surface waveguides. In order to extend the applicability of the
inverted domain structures to buried waveguides or for bulk nonlinear optical processes, it is
necessary to be able to increase the depth of the domain structures. Possible approaches for
the fabrication of bulk domains structure based on the thesis results should involve pushing the
surface domains further into the depth of the crystal. This can be possibly achieved by further
laser illumination of a surface domain followed by an EFP poling process. As surface domains
exist in a head-to-head conﬁguration compared with the underlying bulk, further irradiation
with a laser of the appropriate wavelength could, via a photovoltaic current along the +z axis,
accumulate electrons at the domain wall. These electrons can build up a suﬃciently high E-
ﬁeld that could assist further expansion of the domain into the crystal using the initial surface
domains as nucleation points. Preliminary experiments have indicated that such a scheme is
possible, however a more systematic investigation is clearly required.
Sub-micron bulk domains
Some other applications (i.e., gratings or photonic crystals) demand the fabrication of sub-micron
domains, which can be achieved by SFM poling, but the depth of these domains however is also
very limited. Additionally, optical poling techniques present size restrictions due to the diﬀraction
limit of the incident focused beam. Sub-micron topographical structures on the other hand can
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be precisely deﬁned by focused ion beaming (FIB) machining. Thus, it might be possible to
transfer the topography information into a domain structure. This could be achieved by direct-
bonding techniques. In the case of direct-bonded SLN and CLN z-cut crystals that have very
good lattice matching, domain wall movement is expected to be continuous. Thus, during EFP
via an E-ﬁeld: Ec(SLN) < E < Ec(CLN), domain nucleation can be only initialised in the SLN
crystal. However, the continuous propagating domain wall movement from SLN crystal to CLN
crystal might enable the poling of CLN as well because it avoids the surface pinning by defects
in the CLN crystal which is the origin of its high Ec. Thus a speciﬁc deﬁned topography on SLN
(with nm resolution patterning produced by FIB) could be transferred to a domain structure in
CLN during the poling of the whole SLN crystal.
Well-deﬁned domain structure with smooth domain walls
The surface domain structures fabricated in the thesis by inhibition of poling do not have sharp
edges between the opposite domain regions but show a region which consists of nanodomains
revealed after brief HF etching. The presence of these nanodomains can be a source of scattering
especially in the fabrication of ridge waveguide structures which will increase the transmission
loss in such structures. One approach to overcome this limitation might involve EFP during
surface heating by UV direct writing. It’s known that at high temperature, nucleation occurs at
much lower E-ﬁeld. Thus, during focused illumination of a crystal surface with deep UV light,
the local crystal surface of depth  few microns can be heated to a high temperature, close to,
or even above the Curie temperature, and a much lower E-ﬁeld will therefore be required for
local domain nucleation. Therefore, if an E-ﬁeld is present all the time during UV-writing, local
domain inversion might occur. This technique takes advantage of 1) domain nucleation at the
highest temperature and then expands to roughly the beam diameter, so that the domain wall
should be as smooth as that provided by EFP (eliminating any nanodomain roughness, i.e, in
poling-inhibition), and 2) the newly inverted domain in the region of the incident laser beam
during UV writing is actually connected with neighbouring cooled inverted domains, so these
domain walls should be continuous, and therefore result in a continuous domain wall for the
whole pattern or path of the inverted domain.
Enhanced eﬀective EO coeﬃcient of UV written waveguides
Preliminary experimental results have demonstrated a 50% increase of the eﬀective EO co-
eﬃcient in poling-inhibited UV-written waveguides, believed to be due to the overlapping of
poling-inhibited domains with the UV-written waveguides and possibly some additional strain.
Experiments need to be done to investigate how the domain structure overlaps with the refractive
index proﬁle and the intensity mode proﬁle, and how it induces the EO coeﬃcient enhancement.
It should be done by actually measurement of the domain proﬁle via wedge polishing and capture6 Future work 193
of the mode proﬁle, with additional waveguide simulation of the EO eﬀect. Additionally, if it’s
due to the strain, study of thermal stability might be also necessary.
Low-loss ridge waveguides
Low-loss ridge waveguides can reduce signiﬁcantly the footprint of integrated optical devices due
to the much lower bending loss. Fabrication of low-loss complex ridge waveguide structures such
as straight channels, rings, discs etc, can be achieved by chemical etching (or even vapour phase
HF etching) of domain structures with smooth domain walls which transfers the domain pattern
to a surface topography pattern. The lateral light conﬁnement is provided by the ridges, while
the vertical conﬁnement, apart from the UV written induced refractive index contrast, can be
redeﬁned by a Ti-indiﬀusion process.
Optical resonator fabrication, characterisation and its integration
WGM resonator structures have been fabricated via surface tension reshaping of an initial sur-
face micro-structure. The transition from the initial microstructure to the ﬁnal surface tension
reshaped structure needs to be well understood, i.e., by modeling the heat treatment process, in
order to be able to predict the ﬁnal reshaped structure and to deﬁne the processing conditions.
Further characterisation of the WGM resonator performance is of course required to establish the
Q factor limits, the tunability and the nonlinear performance of these structures. Additionally
WGM resonators can be doped with rare earth ions, such as Nd or Er for the fabrication of micro
lasers. Finally the surface tension reshaping method can be applied to reduce the scattering loss
in other ridge structures such as couplers, interferometers, and ring resonators. This will be the
subject of my post-doctoral fellowship (PhD+) that I have been awarded.6 Future work 194
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Abstract: The observation of latent light-assisted poling (LAP) in lithium 
niobate single crystals is reported. More specifically, the nucleation field is 
reduced and remains reduced for an extended time period (up to several 
hours) after irradiation with ultrafast (~150 fs) laser light at a wavelength of 
400 nm. The maximum nucleation field reduction measured using latent-
LAP (62%) was significantly higher in comparison with regular non-time-
delayed  LAP  (41%)  under  identical  irradiation  conditions  in  undoped 
congruent lithium niobate crystals. No latent-LAP effect was observed in 
MgO-doped  crystals  for  the  experimental  conditions  used,  despite  the 
strong  effect  observed  using  regular  LAP.  The  latent-LAP  effect  is 
attributed  to  the  formation  of  a  slowly  decaying  photo-induced  space-
charge distribution which assists local ferroelectric domain nucleation. The 
dynamics of latent-LAP are compared with the dynamics of photorefractive 
grating  decay,  recorded  in  lithium  niobate  crystals  of  different  doping, 
confirming the space charge hypothesis. 
©2009 Optical Society of America 
OCIS  codes:  (140.3538)  Lasers,  pulsed;  (160.5320)  Photorefractive  materials;  (160.2260) 
Ferroelectrics; (160.3730) Lithium niobate; (090.5694) Real-time holography. 
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1. Introduction 
Single crystal lithium niobate (LN) is a ferroelectric crystal, which exhibits a spontaneous 
electric polarization along its z-axis, the direction of which can be inverted by the application 
of an external electric field (E-field). Ferroelectric domain engineering of LN has received 
much interest for applications in nonlinear frequency conversion, electro-optic modulation 
[1], surface micro-structuring [2], beam switching [3], and deflection [4]. 
The most common domain engineering technique for LN is electric field poling (EFP), 
where  a  photolithographically-patterned  electrode  provides  a  spatially  modulated  E-field 
across the crystal in the z-axis [5,6]. Recent research investigating the influence of light on 
EFP  revealed  that  illuminated  regions  require  a  lower  nucleation  field,  En  (the  E-field 
required  for  microscopic  ferroelectric  domain  nucleation)  in  both  undoped  congruent  LN 
(CLN) and MgO-doped LN using c.w. [7–12] and pulsed laser light [13] in a process referred 
to as light-assisted poling (LAP). Utilizing ultrafast lasers at wavelengths ranging between 
305 nm and 800 nm, LAP has been observed to produce significant En reductions, of up to 
two orders of magnitude for MgO:CLN [13]. 
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application  of  the  external  E-field.  In  this  paper  we  show  that  in  undoped  CLN,  the  En 
reduction can be observed even several hours after light illumination. Using this technique, 
called  latent  light-assisted  poling  (LLAP),  the  two  processes  of  light  illumination  and 
application of an external E-field can be de-coupled. Interestingly, the En reduction in LLAP 
(62%) is larger compared to that measured in simultaneous LAP (42%) [13]. The latent effect 
has not been observed in MgO:CLN for the time scales employed in the experiments here. 
The  dependence  of  LAP  and  LLAP  on  the  doping  suggests  a  space-charge-related 
mechanism. The low dark conductivity in the undoped CLN allows a photo-induced space-
charge distribution to persist for a significant period of time after its formation, while in the 
MgO:CLN any photo-induced space-charge distribution decays much faster due to the much 
higher  dark  conductivity  which  makes  this  crystal  less  susceptible  to  the  photorefractive 
damage. The presence of a photo-induced space-charge distribution and the corresponding 
space-charge  field  induces  a  refractive  index  change  in  LN  via  the  electro-optic  effect. 
Probing of this photorefractive index change provides an excellent tool for the investigation 
of the LLAP dynamics. Therefore, the domain nucleation for varying time-delays between 
light illumination and application of the external E-field in undoped CLN is investigated in 
Section  2,  while  in  Section  3  the  LLAP  dynamics  are  compared  to  the  decay  of  a 
photorefractive grating formed by the space-charge field. 
2. Latent-LAP 
To  investigate  the  process  of  LLAP,  0.5-mm  thick,  z-cut,  optical  grade,  undoped  CLN 
crystals (Crystal Technology, Inc.) were held within a transparent cell which enabled the 
simultaneous light illumination of the crystal and the application of an external E-field. This 
arrangement has been used for previous LAP experiments and a detailed description can be 
found in [10]. The crystal was subjected to a sequence of processing steps as follows. First, 
the crystal was domain-inverted three times sequentially, leaving it with a domain orientation 
anti-parallel to its virgin state. This was done to condition the crystal in order to avoid the 
first poling cycle which is known to have a higher coercive field [14] and exhibit erratic 
domain expansion as compared to subsequent poling cycles. Second, a pulsed laser beam 
(~150 fs, 250 kHz, λ = 400 nm) with a Gaussian intensity profile was focused onto the –z face 
(front surface) to a spot diameter of ~30 µm for an illumination time of 30 s. The crystal was 
then repositioned and a new spot was illuminated with identical conditions after a subsequent 
delay of 30 s. The process was repeated to systematically illuminate a number of spots at 
precisely controlled times. Third, following the last spot and a final 30 s delay, the voltage 
was ramped up to the desired value over a period of 30 s, whereupon the maximum voltage 
was maintained for 300 s, and then ramped back down to 0 V over a final period of 30 s. The 
voltage delay time for each spot is defined as the elapsed time from the end of its illumination 
to the end of the first voltage ramp. Thus, each spot corresponded to different values of 
voltage  delay  time.  For  the  E-field  step,  liquid  electrodes  were  introduced,  uniformly 
covering  both  crystal  faces.  The  illumination  times,  time  delays  and  E-field  application 
duration  were  chosen  to  demonstrate  the  effect  and  were  not  necessarily  the  optimal 
experimental  conditions.  After  the  above  procedure,  the  samples  were  briefly  etched  in 
hydrofluoric (HF) acid to reveal the preferentially inverted ferroelectric LLAP domains. The 
area of these inverted domains, measured from scanning electron microscopy (SEM) images, 
was investigated as a function of the voltage delay time for different laser intensities and E-
fields. 
The  inverted  LLAP  domains  formed  under  all  of  these  exposure  conditions  were  of 
limited depth, and hence did not extend to the opposite crystal face. However, LLAP domains 
have been pushed through to the opposite face of the crystal by using higher magnitude of the 
E-field or longer E-field application times or a combination of the two. It is important to note 
that under the process of LLAP, domain inversion occurred only at the locations where the 
crystal had been previously illuminated. As with regular (simultaneous) LAP, LLAP also 
formed domains which followed the shape of the illuminating spot and were reproducible 
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the inverted ferroelectric LLAP domains with unetched + z faces as shown in Fig. 1. The 
LLAP conditions for these particular inverted domains were: laser intensity of 9 GW/cm
2, 
applied E-fields of (a) 14 kV/mm and (b) 8 kV/mm, and voltage time delay of 570 s . As 
shown in Fig. 1, the LLAP domain walls of (a) follow the crystal symmetry due to the high E-
field applied which allowed expansion of this domain beyond the confines of the illuminating 
laser spot area. However, the domain did not form a regular hexagon as is typical for EFP 
domains, forming instead an irregular octagon with domain walls parallel to both the y- and 
x-axes. The walls labeled 1, 2, 4, 5, 7, 8 are parallel to y-axes, while walls labeled 3, 6 are 
parallel  to  x-axes,  contrary  to  the  regular  domain  wall  growth  in  CLN  [15].  The  LLAP 
domain walls of (b) also run parallel to both y- and x-axes, in addition to many more rounded 
segments, generally following the shape of illumination much more closely due to the lower 
applied E-field. Domain walls following the x-axis imply a condition of incomplete screening 
of the depolarization field [16], likely a result of the redistribution of the photo-induced space 
charges prior to application of the external E-field. 
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Fig. 1. Preferentially inverted ferroelectric LLAP domains, revealed as unetched + z face after 
HF etching, are induced by I = 9 GW/cm
2 of 400 nm fs-laser irradiation, followed by applied 
E-fields of (a) 14 kV/mm and (b) 8 kV/mm after a voltage delay time of 570 s in undoped 
CLN. LLAP domain walls run parallel to both y- and x-axes, particularly for the higher E-field 
in (a). 
The  nucleation  and  growth  of  LLAP  domains  was  investigated  by  varying  the 
illumination intensity and the applied E-field for a series of spots. Figure 2 shows plots of the 
square  root  of  the  inverted  LLAP  domain  areas  as  a  function  of  voltage  delay  time  for 
different applied E-fields (Fig. 2a) and laser intensities (Fig. 2b). The square root of the 
inverted domain area is presented here rather than the area itself because it represents the 
evolution of one linear dimension (1D) of the inverted domain and can be compared in a 
straightforward  manner  with  the  temporal  evolution  of  a  1D  space-charge  distribution, 
discussed  in  Section  3.  Figure  2 reveals  that,  for  all  exposure  conditions,  the  poled  area 
increases with decreasing voltage delay time. It is expected that at shorter voltage delay times 
than  those  applied  in  the  experiments,  the  poled  areas  will  increase.  Our  experimental 
protocol however, limits the shortest applicable voltage delay time to 60 s. Additionally, the 
poled area increases with increasing laser intensity or E-field amplitude. Of particular interest 
is that domain inversion was observed even for an E-field as low as 6 kV/mm (Fig. 2a), a 
reduction of 62% from the dark En (15.8 kV/mm in the reverse poling direction). This is a 
surprising  result  as  the  minimum  intensity-dependent  En  observed  with  simultaneous 
illumination showed a reduction of only 41% in LAP experiments, as reported in Ref [13], 
using the same experimental setup. Nevertheless, LLAP formed a sizeable domain even when 
6  kV/mm  was  applied  nearly  700  s  after  illumination.  An  E-field  of  6  kV/mm  is  not 
necessarily the minimum amplitude to achieve LLAP, but rather represents the minimum 
value tested under these exposure conditions. The straight lines which appear in Fig. 2a and 
Fig. 2b corresponds to single exponential decay functions, fitted to the square root of the 
inverted domain area data points as, 
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0 exp / L A L t τ = −    (1) 
where A is the LLAP inverted domain area, L0 is a constant and τL is the time constant of the 
1-D length reduction. The results of the fittings are listed in Table 1. The close values of 
decay rate (τL
−1) show that the length-reduction of the inverted domains with voltage delay 
time is very similar despite of the very diverse experimental conditions in both laser exposure 
and value of applied E-field. Any differences should be attributed to the uncertainty due to 
the  short  range  fitting  (~10%  in  Table  1),  the  stochastic  nature  of  ferroelectric  domain 
nucleation and expansion, and the presence of local defects in the crystal which also govern 
domain nucleation and growth during regular EFP [17] rather than the exposure and poling 
conditions. For more accurate measurements, it is necessary to average over many exposure 
locations as the local crystal quality appears to have a noticeable impact on the growth of 
LLAP  domains.  It  should  be  noted  here  that  actually  a  more  reasonable  fitting  is  by  a 
stretched exponential decay instead of a single-exponential decay considering the tunneling-
involved charge migration at shallow energy levels [18]. However, the short measurement 
range and the limited number of data points can induce a significant uncertainty in the fitting 
of a stretched exponential decay function. Fitting a single exponential function is acceptable 
however for this short range of time delays (60 s – 720 s). A parameter ∆A
1/2, defined as the 
relative reduction of A
1/2 from 60 s to 720 s, expressed as 
 
1/2 1/2 1/2
720 60 1 / t s t s A A A = =   = −    (2) 
can be used for comparison with the photorefractive grating decay in Section 3. The ∆A
1/2 
values for each point in Fig. 2 are derived from the single exponential fitting and are listed in 
Table 1. 
Table 1. Summary of constants L0, time constants τL, decay rates τL
− − − −1 and the relative reductions ∆A
1/2 
from  60  s  to 720 s of  the linear dimension  of  the LLAP  inverted domains  in  undoped  CLN for 
different experimental conditions. 
E (kV/mm)  I (GW/cm
2)  L0 (µm)  τL (s)  τL
-1 (× 10
-4 s
-1)  ∆A
1/2 
8  4.5  42.4  2860 ± 120  3.50 ± 0.29  0.206 
8  9  47.3  3970 ± 470  2.52 ± 0.61  0.153 
8  18  54.8  4050 ± 250  2.47 ± 0.31  0.150 
14  9  60.8  3010 ± 450  3.33 ± 1.02  0.197 
10  9  47.5  2750 ± 250  3.64 ± 0.67  0.213 
6  9  35.5  3150 ± 390  3.17 ± 0.80  0.189 
 
Also, Fig. 3 shows that for an E-field (8 kV/mm) or intensity (9 GW/cm
2), the square root 
of the inverted domain area linearly increases with the intensity or the E-field within that 
range. The larger slope of the data for constant intensity indicates that the domain area is 
more sensitive to the applied E-field rather than the intensity. 
Further investigations of the LLAP domain area for voltage delays up to 10 hours are 
shown in Fig. 4. However, for delay times beyond 700 s, the samples were kept in the dark 
before the application of the E-field, instead of being illuminated constantly by a broadband 
light source as in the short voltage delays experiments (< 700 s) which is likely to influence 
the  relaxation  rate  of  the  space-charge  distributions  as  will  be  discussed  in  Section  3. 
Additionally  for  longer  time  delays  the  inverted  domains  become  fragmented,  hence  the 
measurements  are  increasingly  inaccurate.  Preferential  nucleation  was  observed  for  time 
delays  as  long  as  24  hours  after  laser  irradiation,  however  the  resulting  domains  were 
fragmented for the experimental conditions used. It is possible that higher laser intensities, 
higher E-fields, and/or longer exposures could produce solid domains as shown in Fig. 1 even 
for such long voltage delay times. 
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Fig. 2.  Log-linear plots of the square root of the inverted  LLAP domain areas, A
1/2, as a 
function  of  voltage  delay  time,  measured  from  SEM  images  of  HF-etched  samples  with 
conditions: (a) I = 9 GW/cm
2 and variable E-field amplitude; and (b) E = 8 kV/mm and 
variable laser intensity. The solid red lines represent single exponential decay function fits. 
The fact that the inverted domain area reduces as a function of the time between the 
illumination event and the application of the E-field along  with the independence of this 
decay rate (or time constant) on the experimental conditions (laser intensity, E-field value) 
suggests that the effect may be related to the relaxation of a space-charge distribution which 
has been formed as a result of the intense laser irradiation of the crystal. Photo-excited charge 
carriers  in  CLN  can  be  electrons  excited  from  impurity  or  defect  energy  levels  to  the 
conduction band, and electron-hole pairs excited directly across the band-gap via two-photon 
absorption [19] especially at high intensities. The driving force responsible for the migration 
of these photo-induced charges can be diffusion and/or the photovoltaic effect, resulting in a 
non-uniform space-charge distribution after illumination. The space-charge field produced by 
this space-charge distribution, if along the poling field, can contribute in a straightforward 
manner to the En reduction.  Both the photovoltaic effect  and diffusion can produce such 
space-charge distributions, with a component of space-charge field aligning along the poling 
field at –z face where domain nucleation occurs. The process of producing such a space-
charge field by diffusion has been discussed in detail in Ref [7]. The photovoltaic case can be 
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polarization, surface compensation charges are countered by photo-induced charges, leaving 
the dipoles at least partially uncompensated at the surface. The uncompensated depolarization 
field is oriented along the poling direction [16] and thus adds to the externally applied E-field, 
locally reducing the En. Additionally, photo-induced charges on the surface can screen the 
surface defects responsible for the domain nucleation [17], which might also contribute to the 
En reduction. After illumination, the photo-induced charges redistribute in the dark or under 
the influence of ambient light. The decay (redistribution) of the photo-induced space charges 
is thus reflected in the reduction of the inverted domain area as a function of the voltage time 
delay. All LLAP results which have been presented thus far correspond to experiments with 
undoped CLN crystals. No LLAP was observed for 5-mol% MgO-doped CLN (MgO:CLN) 
under these experimental conditions. 
 
Fig. 3. Plot of the square root of the inverted LLAP domain area, A
1/2, versus the product of the 
applied external E-field and the intensity, E × I, for a specific E-field (8 kV/mm) and a specific 
intensity (9 GW/cm
2). The solid red lines represent linear fits. 
 
Fig. 4. Log plot of the square root of the inverted LLAP domain area, A
1/2, as a function of the 
voltage delay time for different laser intensities and E-fields. The solid red lines serve as a 
guide to the eyes. 
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Single  crystal  LN  is  an  electro-optic  (EO)  photoconductor  and  is  known  to  exhibit 
photorefractive behavior [20] which can be enhanced in the visible spectral range by doping 
the crystal with iron for data storage applications [21]. Although the photorefractive effect is 
less pronounced in undoped crystals due to the lack of photo-excitable impurities, it is still 
present [22,23] and therefore can be used as a tool to study the dynamics of photo-induced 
space-charge distributions. Here we have recorded photorefractive gratings in undoped CLN 
crystals by two-beam-interference using the same laser source used for LLAP in order to 
study  the  dynamics  of  any  space-charge  fields  that  have  been  formed  as  a  result  of  the 
ultrafast laser exposure and  compare  with the domain inversion dynamics in  LLAP.  The 
results of the photorefractive grating recording experiments provided a new insight to the 
effect of LLAP: a direct evaluation of the role of the space-charge distribution to the effect 
and also explaining a number of experimental observations such as the absence of latent 
effects in MgO-doped LN crystals and the much higher reduction of the En in MgO:CLN for 
LAP. 
The  experimental  setup  which  was  used  for  the  recording  of  volume  gratings  in  LN 
crystals is outlined in the schematic of Fig. 5. The original train of ultrafast laser pulses (400 
nm, 150 fs) was divided into two parts by a cube beam splitter and the resulting beams were 
made to interfere in the LN crystal after propagating via the two distinct arms of a Michelson 
interferometer. For ultrashort pulse interference it is important to achieve both spatial and 
temporal overlap of the two pulses, hence the length of one arm of the interferometer was 
adjustable in order to achieve zero time delay. Monitoring of the grating recording and decay 
was  achieved  by  measuring  the  diffracted  power  from  a  c.w.  HeNe  laser  (λp  = 633  nm) 
incident  at  the  Bragg  angle,  as  shown  in  Fig.  5.  The  diffracted  signal  exhibited  strong 
sensitivity to the polarization of the probe beam, a fact that ensures that the grating is due to 
refractive index change as a result of the photorefractive (PR) effect and is not an absorption 
grating. 
M
M
M
M
M
M
LN
HeNe
PM
BS
DL
UF
 
Fig. 5. Interferometric setup for recording and monitoring photorefractive gratings in LN using 
150 fs ultrafast (UF) laser pulses at λr = 400 nm. The diffracted light (DL) of a c.w. HeNe laser 
at λp = 633 nm incident at the Bragg angle was used to monitor the grating recording/decay. M: 
mirror, BS: beam splitter, PM: optical power-meter. The period of the grating was ~1  m. Spot 
diameters of the ultrafast and HeNe lasers are 1 and 0.8 mm respectively. The polarizations of 
both lasers were in the plane of the page (horizontal). The arrowed dash line indicates the 
variable arm of the interferometer. 
The dynamic behavior (recording and decay) of PR gratings in both undoped CLN and 5-
mol% MgO:CLN (Yamaju Ceramics Co., Ltd.) was investigated. The decay of the space-
charge distribution in both crystals was monitored by measuring the power of the diffracted 
probe beam (λp = 633 nm) in the absence of the two recording beams (λr = 400 nm). The 
normalized temporal evolution of the square root of the diffraction efficiency, η
1/2, (which is 
proportional to the amplitude of the space charge field), is plotted as a function of time in Fig. 
6a and Fig. 6b for undoped CLN and MgO:CLN, respectively. As the decay rate of the PR 
grating in both crystals was influenced by the intensity of the probe HeNe laser, we have 
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as indicated in the graphs of Fig. 6. 
 
Fig. 6. Decays of the square root of the normalized PR grating diffraction efficiency, η
1/2, in (a) 
undoped CLN and (b) MgO:CLN for different probe laser intensities, Ip. The solid red curves 
correspond to stretched exponential decay fits. 
We found that a stretched exponential decay curve described by the equation: 
  ( )
1/2 exp / t
β η τ   = −      (3) 
exhibits an improved fit as compared to a single exponential decay curve, where η is the 
normalized  diffraction  efficiency,  t  is  the  time,  τ  is  the  averaged  relaxation  time  of  the 
recorded hologram, and β is the stretch factor. The use of a stretched exponential function, 
also known as Kohlrausch-Williams-Watts function, is appropriate in our case as it describes 
a process that consists of a distribution of different relaxation processes [24]. The physical 
content of a stretched exponential decay of space charge distributions in undoped CLN has 
been described in [18,24] and is attributed to the large amount (≈10
20 cm
−3) of the intrinsic 
NbLi anti-site defects which exists in undoped CLN and provides an additional channel for the 
charge transport via hopping or tunnelling processes, apart from the conventional contribution 
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defined as the time in which the square root of the normalized diffraction efficiency reduces 
by a factor of e
−1, was derived for each probe HeNe laser intensity and the corresponding 
values are summarized in Table 2. 
Table 2. Summary of the decay time constants τ, stretch factors β, decay rates τ
− − − −1, and the relative 
reduction of the normalized PR grating diffraction efficiency ∆η
1/2 from 60 s to 720 s, recorded in 
undoped CLN and MgO:CLN for different HeNe laser intensities Ip. 
Crystal  Ip (W/cm
2)  τ (s)  β  τ
-1 (s
-1)  ∆η
1/2 
undoped CLN 
0.71  2400  0.560  4.17 × 10
-4  0.318 
0.53  3040  0.581  3.29 × 10
-4  0.282 
0.35  4060  0.602  2.46 × 10
-4  0.239 
0.18  6370  0.640  1.57 × 10
-4  0.179 
0.088  10100  0.694  9.90 × 10
-5  0.123 
0.044  16600  0.734  6.01 × 10
-5  0.0802 
0.018  29600  0.841  3.38 × 10
-5  0.0378 
0.0088  81500  0.779  1.23 × 10
-5  0.0213 
MgO:CLN 
1.0  2.27  0.282  4.41 × 10
-1   
0.46  3.01  0.287  3.32 × 10
-1   
0.13  5.29  0.312  1.89 × 10
-1   
0.013  15.8  0.355  6.34 × 10
-2   
 
Figure  7  shows  a  plot  of  the  decay  rate  (τ
−1)  as  a  function  of  the  probe  HeNe  laser 
intensity. The main observation which can be made from the plot in Fig. 7 and Table 2 is that 
the  photorefractive  gratings  in  undoped  CLN  show  a  sufficiently  slow  decay,  with  time 
constants  >  2400  s,  thus  a  significant  amount  of  the  space-charge  distribution  should  be 
present  at  the  timescales  where  LLAP  is  observed.  On  the  other  hand,  PR  gratings  in 
MgO:CLN decay three to four orders of magnitude faster than gratings recorded in undoped 
CLN, with time constants < 15.8 s, shorter than the smallest voltage time delay applied here 
which is 60 s, and this likely explains why LLAP was not observed for MgO:CLN crystals 
for these timescales. The fast decay of PR gratings in MgO:CLN is a consequence of the high 
dark conductivity of this material which is 4-5 orders of magnitude higher than undoped CLN 
according to e.g [25]. The dark conductivity of the crystal can be determined via [26] 
 
1
0 0 d I σ εε τ
−
≈ =    (4) 
where ε = 28 is the dielectric constant of LN [27,28], ε0 is the permittivity of free space and 
τI≈0 is the decay time constant corresponding to a sufficiently low probe HeNe laser intensity, 
thus approaching the dark decay. The inverse of τI≈0 can be estimated by substituting the 
lowest Ip values for undoped CLN and MgO:CLN in Table 2 which is ~0.01 W/cm
2. Figure 7 
shows that at low HeNe laser intensity in the case of MgO:CLN, the τ
−1 values are slow-
decreasing hence the dark conductivity can be approximated by the conductivity at ~0.01 
W/cm
2. However, for undoped CLN, τ
−1 decreases quickly at low HeNe intensities, hence 
inducing a considerable uncertainty in estimating the value of dark conductivity. For this 
reason we conducted a grating decay experiment using a probe laser at a longer wavelength 
(800 nm), which did not affect the decay rate [22]. This measurement provided a value for the 
dark conductivity of undoped CLN which was very close to the value that corresponded to 
the  HeNe  intensity  of  Ip  ~0.01  W/cm
2.  According  to  Eq.  (4),  the  corresponding  dark 
conductivities  were  derived  to  be  1.57  ×  10
−11  ( ·m)
−1  and  3.05  ×  10
−15  ( ·m)
−1  for 
MgO:CLN  and  undoped  CLN  respectively,  reconfirming  the  4-5  orders  of  magnitude 
difference which has been reported in the literature [25]. 
To relate the PR grating decay to the delay time dependence of the inverted LLAP domain 
area,  the  relative  reduction  of  the  square  root  of  the  normalized  PR  grating  diffraction 
efficiency, ∆η
1/2, for the same time period in Fig. 2, from 60 s to 720 s, was derived from the 
stretched-exponential fitting for each HeNe laser intensity. The values of relative reduction 
are listed in Table 2 and plotted in Fig. 8. Comparing the relative reduction of the square root 
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1/2, in that time period in undoped CLN 
with that of the square root of the inverted domain areas in LLAP, ∆A
1/2, it is seen that the 
corresponding relative reduction for the domain length is larger than the corresponding ~dark 
PR grating decay. The range of the relative reduction for the square root of the inverted 
domain areas in Fig. 2 is indicated by the horizontal lines in Fig. 8 while the vertical lines 
indicate the corresponding range of probe HeNe laser intensities (0.13 – 0.28 W/cm
2). We 
believe that this is due to the fact that in the LLAP experiments the crystals were not kept in 
the dark but were continuously illuminated by a broadband light source (halogen bulb) for the 
in  situ  visualization  of  the  poling  process.  The  decay  of  the  photo-induced  space-charge 
distribution (hence the reduction of the inverted LLAP domain area with voltage delay time) 
should have been accelerated as a result of uniform illumination with radiation that contains a 
significant portion of  short  wavelength  spectral components to  which the crystal is  more 
sensitive. 
 
Fig. 7. Decay rate (τ
−1) as a function of the probe HeNe laser intensity for undoped CLN 
(squares) and MgO:CLN (triangles). The solid red curves are guides to the eyes. 
The  saturated  diffraction  efficiency  of  the  PR  gratings  recorded  in  MgO:CLN  was 
measured  to  be  1.5  ×  10
−4  which  is  one  order  of  magnitude  higher  as  compared  to  the 
corresponding saturated diffraction efficiency for undoped CLN crystals (1.3 × 10
−5) of the 
same thickness under identical recording and probing conditions. The diffraction efficiency of 
the grating was measured in real time during the recording of the grating with all three beams 
present simultaneously in the crystal. This difference in the diffraction efficiency corresponds 
to a 3.4 times larger amplitude of the space-charge field, and thus a 3.4 times larger amount 
of photo-induced charges being formed in MgO:CLN as compared to undoped CLN. This 
observation is of particular importance as it is in accordance with the much higher nucleation 
field reduction in MgO:CLN which is observed in LAP experiments [13]. 
Finally, the larger reduction of the En which was observed in LLAP for undoped CLN as 
compared  with  simultaneous  LAP  [29]  cannot  be  explained  with  the  data  obtained  here. 
However, it is possible that this further reduction in En can be associated with transient photo-
excited charges [19] which screen the slowly evolving space-charge field in the presence of 
the ultrafast laser beam and which decay much faster than the LLAP observation times. 
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Fig. 8. Relative reduction of the square root of the normalized diffraction efficiency of the PR 
grating from 60 s to 720 s, ∆η
1/2, as a function of HeNe laser intensity for undoped CLN. The 
solid red curve is a guide to the eyes. The range of the relative reduction of the square root of 
the inverted LLAP domain areas in Table 1, ∆A
1/2, is indicated by the horizontal lines while the 
vertical lines indicate the corresponding range of HeNe laser intensities. 
4. Conclusions 
LLAP enables the de-coupling of the light illumination and application of the externally E-
field,  and  has  been  demonstrated  in  undoped  CLN.  De-coupling  these  two  steps  can 
potentially improve the ferroelectric domain engineering process as it allows for independent 
design of each step. This includes the choice of illuminating wavelength and intensity to 
maximize the light-matter interaction, and choice of electrode materials for the optimization 
of the ferroelectric capacitor circuit for poling. Additionally, separation of the two processing 
steps can simplify the apparatus required, permitting the poling of thicker crystals or utilizing 
a larger area of the crystal by limiting surface leakage currents near the edges via the use of 
insulating  oils  (e.g.  silicone  oil).  The  size  of  the  resulting  inverted  ferroelectric  LLAP 
domains is a function of the time delay between the light illumination and the application of 
the E-field, which can be as long as ten hours. The dynamics of LLAP were attributed to the 
presence of a photo-induced space-charge distribution. The photorefractive effect in undoped 
CLN and MgO:CLN crystals was used as a tool for the monitoring of the dynamics of photo-
induced space-charge distributions in these crystals. Good agreement between the relaxation 
dynamics of LLAP domain inversion and the PR grating was observed for undoped CLN, 
while the fast decay of the PR gratings observed in MgO:CLN explains the absence of the 
latent effect in this crystal. Finally the 10 × higher diffraction efficiency of PR gratings in 
MgO:CLN suggests a much larger amount of the photo-induced space charges in this crystal 
thus  explaining  the  significant  reduction  of  the  nucleation  field  in  this  crystal  during 
simultaneous light assisted poling (LAP). 
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Abstract: An experimental study of the spectral and electro-optic response 
of direct UV-written waveguides in LiNbO3 is reported. The waveguides 
were  written  using  c.w.  laser  radiation  at  275,  300.3,  302,  and  305  nm 
wavelengths with various writing powers (35-60 mW) and scan speeds (0.1-
1.0 mm/sec). Spectral analysis was used to determine the multimode and 
single  mode  wavelength  regions  and,  the  cut-off  point  of  the  fabricated 
waveguides. Electro-optic characterization of these waveguides reveals that 
the electro-optic coefficient (r33) decreases for longer writing wavelengths, 
with a maximum of 31 pm/V for 275 nm and, is reduced to 14 pm/V for 
waveguides written with 305 nm. 
©2009 Optical Society of America 
OCIS codes: (130.3730) Lithium niobate; (130.3130) Integrated optics materials; (130.3120) 
Integrated optics devices; (130.2790) Guided waves. 
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1. Introduction 
Since  its  inception,  the  UV  directly  written  waveguide  [1]  procedure  in  lithium  niobate 
(LiNbO3) single crystals has held considerable promise because it is a single-step process 
which is well suited for complex micro-optical devices, in addition to conventional optical 
integrated circuits. Direct writing of graded-index channel waveguides in congruent LiNbO3 
has been demonstrated using c.w. laser light within a writing wavelength range of 244 – 305 
nm [1,2]. The process has been modeled as a laser-induced thermal diffusion of lithium ions 
which results in a variation of the local Li concentration which increases the extra-ordinary 
refractive index of LiNbO3 [2,3] For most applications, single-mode waveguides are essential 
in order to achieve optimised device performance, and hence the determination of single-
mode  operating  range  and  cut-off  wavelength  of  the  waveguide  are  fundamental  for 
characterising  waveguide optical properties. Spectral analysis is a characterization  method 
which  has  been  originally  developed  for  determining  the  effective  cut-off  wavelength  of 
optical fiber [4] and later for Ti-indiffused [5,6] and proton exchanged [7] waveguides, and 
this  may  also  be  applied  to  these  UV-written  waveguides.  Moreover,  the  electro-optic 
properties of these waveguides need to be assessed for subsequent applications in waveguide 
optical switches and modulators, which are key integrated-optical components that can be 
implemented in LiNbO3. Therefore, spectral analysis and electro-optic characterisation of UV-
written waveguides in LiNbO3 are of absolute necessity from the device point of view. 
In this paper a white light laser-continuum source has been used for the investigation of 
the spectral response of the direct UV-written channel waveguides in congruent LiNbO3. The 
spectral  data  was  used  to  determine  the  various  regimes  of  waveguide  operation  from 
multimode  to  cut-off.  It  has  been  observed  that  an  optimum  writing  condition  for  these 
waveguides  exists  where  the  refractive  index  change  is  maximised  and  hence  the  cut-off 
wavelength  of  the  waveguide  shifts  to  longer  wavelengths.  The  experimental  study  was 
extended to the electro-optic properties of these waveguides, which reveals that electro-optic 
response  of  the  waveguide  reduces  with  increasing  recording  wavelength,  with  275  nm 
written waveguides having the highest electro-optic response compared to waveguides written 
with 300.3, 302, and 305 nm light. Measurements of mode-width, mode-depth, and refractive-
index change of waveguides with various applied voltages, and finally direct interferometric 
measurements  of  the  electro-optic  coefficient  of  waveguides  written  at  different  UV 
wavelengths have confirmed this experimental finding. 
2. Experimental 
2.1. Waveguide fabrication 
Direct writing of waveguides in congruent, z-cut LiNbO3 crystal has been achieved using an 
argon ion laser that yields c.w. output at 275, 300.3, 302, and 305 nm wavelengths. The laser 
beam was focused onto the crystal surface to a spot of ~4 µm diameter. The waveguides were 
written on the + z face of the crystal, along the crystallographic y-direction, by scanning the 
crystal in front of the focussed laser beam using a computer-controlled 2D translation stage. 
The laser power and scanning speed used in our experiments were within the range of 35-60 
mW and 0.1-1.0 mm/sec, respectively, which correspond to UV energy fluences of 0.7-12.0 
kJ/cm
2. The strong optical absorption of LiNbO3 at these ultraviolet wavelengths results in an 
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with an increased extra-ordinary index of refraction [1–3]. While the  waveguides were in 
most cases free from surface damage, those written at the higher end of the energy fluence 
range  did  exhibit  some  undesirable  surface  damage.  Following  the  direct  writing,  all  the 
waveguides  were  edge-polished  and  used  for  the  subsequent  spectral  and  electro-optic 
characterization. 
2.2. Spectral measurements 
A supercontinuum fiber laser (Fianium, Femtopower 1060, with a wavelength range: 408 – 
1800 nm) was coupled into the waveguides using a 10x microscope objective. The output of 
each waveguide was imaged by a second microscope objective onto a circular aperture (iris 
diaphragm) for spatially filtering out the optical noise from the light originating from the 
waveguides.  This  was  subsequently  then  coupled  to  an  optical  spectrum  analyzer.  A 
schematic  of  the  experimental  setup  is  shown  in  Fig.  1.  The  numerical  aperture  of  the 
launching objective lens (NA = 0.25) was chosen to be high enough to excite all possible 
guided  modes  of  the  waveguides.  The  length  of  the  channel  waveguides  used  in  our 
experiments was 14 mm. The LiNbO3 substrate containing the waveguides was mounted onto 
a high precision 4-axis translation stage. TM waveguide modes only could be excited in these 
UV-written waveguides indicative of an increment only in the extra-ordinary refractive index. 
To eliminate the spectral response of the launch and detection components of the experimental 
setup (such as the broadband source and the detector), the spectral output intensity of the 
waveguide (IWG)  was normalized by a reference intensity spectrum (IREF) acquired by the 
optical system without the presence of the waveguide. This normalization also minimizes the 
effect of chromatic aberrations of the microscope lenses. All these spectral measurements 
were performed below the photorefractive damage threshold of the waveguides, which was 
confirmed by the non-dependency of the normalized transmission spectra on the input power. 
The measured spectral response has been analyzed to determine the wavelength range for 
multi-mode and single-mode operation respectively and the cut-off wavelength of the UV-
written waveguides. 
 
Fig.  1.  Experimental  setup  for  spectral  characterisation:  M1,  M2  –  mirrors,  P  –  adjustable 
pinhole, MMF – multimode fiber, OSA – optical spectrum analyser, WUT – waveguide under 
test. 
The change of the spectral response of the UV-written waveguides under the influence of 
an external electric field was used to investigate the electro-optic behavior of the waveguides. 
A pair of thin gold film electrodes of thicknesses ~10 nm was sputtered onto the two opposite 
faces of the 500 µm thick substrate containing the waveguides. The electrodes were used to 
apply a variable voltage across the substrate and the corresponding normalized transmission 
spectra of the waveguides were measured. The applied dc voltage used in our experiment 
ranged from −600 to + 600 V, corresponding to a uniformly applied dc electric field ranging 
from −1.2 to + 1.2 V/µm along the z-axis of the LiNbO3 crystal. The changes in cut-off 
wavelengths  of  the  waveguides,  written  with  different  wavelengths,  for  various  applied 
voltages were measured. These experimental data directly correspond to the relative refractive 
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the linear electro-optic (Pockels) effect. The markedly different responses of the waveguides 
with applied voltage suggest a difference in the relative values of electro-optic coefficient (r33) 
of the UV-written waveguides compared to those for the bulk substrate under different writing 
wavelengths. Hence it  was necessary to proceed to a direct  measurement of the effective 
electro-optic coefficient. 
 
Fig. 2. Experimental setup for the measurement of electro-optic coefficient of the waveguide: 
A1,  A2  –  optical  attenuator;  M1,  M2,  M3  –  mirror;  BS1,  BS2  –  beam  splitter;  WUT  – 
waveguide under test; V - applied voltage; P1, P2, - adjustable pinhole; D – detector; LIA – 
lock-in amplifier. 
2.3. Electro-optic coefficient measurement 
For a quantitative characterization of the electro-optic response of the waveguides written at 
different wavelengths, we measured the r33 electro-optic coefficient using a Mach-Zehnder 
interferometer setup, a schematic of which is shown in Fig. 2. A He-Ne laser beam (0.6328 
µm) was divided by a 50/50 cube beam- splitter into the two arms of the interferometer. The 
waveguide under test was placed in one arm of the interferometer, and light was in- and out-
coupled using microscope objectives. In the reference arm a variable attenuator was placed to 
balance the optical power between the two arms of the interferometer. Finally the beams from 
the two arms were recombined using a second cube beam-splitter as shown in the schematic. 
The polarization of the input light was made parallel to the z-axis of the crystal. Initially a 
computer-interfaced  CCD camera  was  used to observe the  series of elliptical interference 
fringes at the output. A pinhole with diameter ~25 µm was used to sample the interference 
fringes and to enable the detection of phase shifts as a variation of the transmitted optical 
power  measured  by  a  Si  photo-detector.  An  optical  chopper  (frequency:  170  Hz)  in 
conjunction with a lock-in-amplifier was used to improve the signal-to-noise ratio (typically 
~50) of our detection system. We also placed a 6.3x microscope objective to magnify the 
output interference pattern and hence improve the resolution of the pinhole-detector assembly. 
The entire experimental setup was on a vibration-isolated table and the interferometric section 
was covered to minimize the effect of random phase changes caused by air-flow in the two 
arms of the interferometer. The applied voltage introduces a refractive index change in the 
waveguide via the electro-optic effect thereby introducing a phase difference between the two 
arms  of  the  interferometer.  This  small  phase  difference  produces  a  spatial  shift  in  the 
interference fringes, and hence a change in detector output. From the plot of the detector 
output versus the applied voltage, we have measured the half-wave voltage Vπ, the voltage 
required to produce a п-phase shift. This is related to the r33 coefficient of the waveguide by 
the following equation [8,9] 
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where, λ is the operating wavelength (0.6328 µm), d is the substrate thickness (500  m), ne is 
the effective refractive index of the waveguide, and L is the length of the electrode-covered 
waveguide section (9 mm). In Eq. (1) we have assumed 100% overlapping of the applied 
electric field with the waveguide propagation mode which is a valid approximation in the 
present configuration [10]. The experiment was repeated for a number of waveguides written 
with different writing wavelengths and powers, and the r33 coefficient for each waveguide was 
determined by using Eq. (1). No phase drift due to optical “photorefractive” damage was 
observed over the duration of the measurements. 
3. Results and discussions 
3.1. Analysis of spectral data of the waveguides 
Typical normalized transmission spectra of two different UV-written waveguides are shown 
in  Fig.  3.  The  spectrum  shown  in  Fig.  3(a)  corresponds  to  a  waveguide  that  exhibits 
multimode transmission at shorter wavelengths and can be divided into four regions [7]. In 
region-1 the waveguide supports the two lowest order modes and the normalized transmission 
spectrum (IWG/IREF) can be described as: 
  00 01
WG
REF
I
K K
I
= +    (2) 
where K00 and K01 are the coupling coefficients for the lowest and next higher order modes, 
respectively. Region-2 describes the wavelength regime where the second mode cut-off is 
approached. In this case normalised transmission spectrum is given by: 
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where α01 and L0 are the modal attenuation coefficient of the higher order mode and length of 
the guide, respectively. As the wavelength becomes longer the cut-off of the second mode is 
passed and region-3 covers the wavelength range where the fundamental mode is still far from 
cut-off. The intensity ratio in this region may be given as: 
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Finally  as  the  fundamental  mode  cut-off  is  approached  in  region-4,  the  normalized 
transmission spectrum is: 
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where α00 is the attenuation coefficient for the fundamental mode. In Eqs. (2-5) the modal 
coupling and attenuation coefficients are wavelength dependent. We have defined 10% of the 
peak  normalised  intensity  as  the  mode  cut-off  point.  Hence  for  the  waveguide  shown  in  
Fig. 3(a), which was written at the 300.3 nm wavelength, with a laser power of 40 mW and a 
scan speed 1.0 mm/sec, the multimode region is <514 nm, whereas the guide is single-moded 
within  the  wavelength  range  from  514  nm  to  780  nm,  where  780  nm  is  practically  the 
waveguide cut-off wavelength. For the waveguide shown in Fig. 3(b), written with 305 nm 
wavelength, 50 mW power and 1 mm/sec laser scan speed, the single-mode range is from 408 
nm to 615 nm. 
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Fig. 3. Typical spectral responses of the fabricated UV-written waveguides: (a) with writing 
wavelength: 300.3 nm, power: 40 mW, speed: 1 mm/sec; (b) with writing wavelength: 305 nm, 
power: 50 mW, speed: 1 mm/sec. 
We have measured the cut-off wavelengths of all the waveguides written with various 
writing wavelengths, laser powers, and scan speeds. The variations of the cut-off wavelength 
of the waveguides written with different wavelengths, as a function of laser power and scan 
speed are shown in Fig. 4(a) and Fig. 4(b) respectively. 
 
Fig. 4. Variations of cut-off wavelengths of the waveguides with: (a) laser writing power, (b) 
writing speed. 
These results confirm our previous observation [2] that for each writing wavelength an 
optimum writing condition (writing power and scan speed) exists where the induced refractive 
index change is maximised. As the refractive index change or the contrast of the waveguide 
( nmax) increases, the cut-off shifts to longer wavelengths. This may be because of the trade-
off between the laser-induced refractive index change and the strain due to surface damage of 
the  waveguides  at  higher  laser  fluences.  UV  laser-induced  surface  damage  has  been 
investigated by Rodenas et al. in [11], where it was demonstrated that it induces a permanent 
local stress of micron-scale dimension, causing a decrease in local refractive index of LiNbO3 
to  some  extent  [12].  Raman  analysis  of  the  exposed  region  also  shows  some  loss  of 
crystallinity of the material [13], indicating that though LiNbO3 may suffer some change in 
chemical structure at the superficial surface layer, it remains largely unchanged in the bulk. 
3.2. Spectral analysis with applied voltages 
Results  of  the  measurements  for  cut-off  wavelength  change  with  applied  dc  voltages  of 
waveguides written with four different UV wavelengths are shown in the graph of Fig. 5. 
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Fig. 5. Changes in cut-off wavelengths of the waveguides with applied voltages for 275, 300.3, 
302, and 305 nm writing wavelengths. 
It may be observed in the graph that the waveguides written with 275 nm exhibit the 
lowest change in cut-off wavelength with applied voltages in the range from −600 to + 600 V. 
The changes in cut-off wavelengths of the waveguides gradually increase with the writing 
wavelength. In the present electrode configuration, where a uniform electric field is applied 
across the whole crystal containing the waveguides, the change in cut-off wavelength will 
depend  on  the  change  in  refractive  index  contrast  of  the  waveguides  with  respect  to  the 
substrate. Hence for waveguides with the same electro-optic coefficients as that of LiNbO3 
substrate,  there  shouldn’t  be  any  appreciable  change  in  the  cut-off  wavelength.  However, 
waveguides which have a reduced electro-optic coefficient with respect to the substrate will 
exhibit a more significant change in cut-off wavelength with the applied voltage. Thus the 
results  in  Fig.  5  indicate  that  a  waveguide  written  with  275  nm  has  an  electro-optic 
coefficient, r33, closest to the substrate value in comparison to waveguides written with longer 
wavelengths. In fact, the electro-optic coefficient decreases monotonically with the increase in 
writing wavelength. The measured change in contrast of these waveguides with respect to the 
substrate refractive index at 0.6328 µm transmitting wavelength (Fig. 6), for different applied 
voltages, supports these experimental observations. Maximum refractive index values near the 
surface for these waveguides without applying any voltages are given in Table 1. 
 
Fig.  6.  Changes  in  contrast  of  the  waveguides  written  with  275,  300.3,  302,  and  305nm 
wavelengths with applied voltages. 
Table 1. Maximum surface refractive index values of different waveguides in Fig. 6. 
Laser Writing 
Wavelength (nm) 
Laser Power (mW)  Scan Speed 
(mm/sec.) 
Maximum Refractive Index Near 
Surface 
275  45  1.0  2.204864 
300.3  40  0.5  2.203554 
302  40  0.5  2.204354 
305  40  0.5  2.204154 
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applied voltages are shown in Fig. 7. The details of the experimental setup for mode profile 
measurement and determination of refractive index contrast of the waveguides are presented 
in Ganguly et al. [2]. All these waveguides are single-moded in nature at this wavelength 
within the applied voltage range. As expected the changes in mode widths and mode depths 
for the waveguide written with 275 nm wavelength with the applied voltages are relatively 
small, whereas, for other waveguides significant changes in mode widths and mode depths are 
observed. It may also be noted that the asymmetry in Fig. 5 for + ve and –ve applied voltages 
actually reflects the asymmetric behavior of mode depth variation of the waveguides as seen 
in Fig. 7(b). We have observed a measurable mode shrinkage or expansion along the applied 
electric field direction for these UV-written waveguides. 
 
Fig.  7.  Changes  in  mode  width  (a)  and  mode  depth  (b)  with  applied  voltages  for  the 
waveguides written with 275, 300.3, 302, and 305nm wavelengths. 
3.3. Electro-optic coefficients of the waveguides 
The interferometrically measured electro-optic coefficient (r33) of the waveguides written with 
these four different wavelengths and writing powers (45, 50, 55, 60 mW) are summarized in 
the graph shown in Fig. 8. 
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Fig.  8.  Measured  electro-optic  coefficients  (r33)  of  the  waveguides  for  different  writing 
wavelengths and powers. 
All the waveguides were written with a scanning speed of 1.0 mm/sec. Our measurements 
were performed with a dc applied field at room temperature (20 °C), for a probe wavelength 
of  0.6328   m.  Typical  variations  of  normalised  detector  output  with  applied  voltage  are 
presented in  Fig. 9, for the  waveguides  with different  writing  wavelengths. The  non-zero 
minimum detector outputs may be a combined effect of slightly unequal intensity of the two 
arms of the interferometer under applied voltages and other stray environmental effects. It 
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waveguides  written  with  305  nm  wavelength,  but  increases  with  decreasing  writing 
wavelength, to a value (31 pm/V) that is close to the bulk r33 value of the crystal, for 275 nm 
writing  wavelength.  It  may  also  be  noticed  that  the  electro-optic  coefficients  of  the 
waveguides  are  effectively  independent  of  the  writing  laser  powers  within  our  studied 
experimental  range.  For  comparison  we  have  also  measured  the  r33  coefficient  of  a  Ti-
indiffused  channel  waveguide  fabricated  in  our  laboratory,  using  the  same  experimental 
apparatus. The measured value of 35 pm/V is ~13% higher than the values for waveguides 
written  with  275  nm  wavelength.  We  also  studied  the  a.c.  (upto  10  KHz)  electro-optic 
response of the waveguides using the same interferometric setup. A dc bias (0-100V) was also 
applied  along  with  the  sinusoidal  ac  signal  (Vpp  =  35-155  V)  to  set  the  phase  difference 
between the interferometer arms to п/2, effectively increasing the detection sensitivity. It was 
observed that within the studied frequency range the frequency response of the UV-written 
waveguides is similar to that of the Ti-indiffused waveguide. 
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Fig. 9. Variation of normalised detector output with the applied voltages for 275, 300.3, 302, 
and 305nm writing wavelengths of the waveguides. 
The reason for the electro-optic coefficient reduction at 300.3, 302, and 305 nm writing 
wavelengths, is not clearly understood at the moment. Since lithium out-diffused waveguides 
are  known  to  produce  highly  efficient  electro-optic  modulators  [14,15],  some  other 
mechanisms  dominant  during  waveguide  fabrication  at  these  longer  writing  wavelengths, 
could possibly be the cause. One such plausible explanation could be due to the formation of 
all-optically inverted ferroelectric domains within the illuminated region [16]. The depth of 
these  inverted  domains  on  the  +  z  face  at  a  shorter  UV  wavelength  (244  nm)  has  been 
estimated  to  be  of  order  30-50  nm.  However,  the  dependence  of  the  depths  of  such  all-
optically inverted domain on the writing wavelength has not been studied. The presence of 
such inverted domains within the waveguide volume will reduce the average phase shift for a 
given  value  of  the  applied  voltage  which  will  consequently  appear  as  a  reduced  EO 
coefficient. Another possible mechanism which would result in a reduced EO response is 
damage induced in the crystal by the UV-laser writing step. As the absorption depth for the 
longer wavelengths is greater, the corresponding damaged volume extends further into the 
waveguide  region,  and  hence  a  reduced  value  for  the  measured  EO  coefficient  would  be 
obtained  for  these  wavelengths.  The  UV  illuminated  tracks  were  investigated  by 
piezoresponse force microscopy (PFM) in order to identify the cause for the reduction in the 
EO response. The PFM investigation showed indeed a limited contrast associated with the UV 
illumination  which could be attributed either to a shallow inverted domain or a damaged 
volume.  The  PFM  results  were  inconclusive  mainly  due  to  the  limitation  in  the  depth 
resolution of the device which is comparable to the dimensions of the waveguiding volume 
[17]. 
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A detailed experimental study on spectral and electro-optic characterization of direct UV-
written waveguides in congruent z-cut LiNbO3 crystal has been presented. The waveguides 
were written with 275, 300.3, 302, and 305 nm wavelengths with various writing powers (35-
60 mW) and scan speeds (0.1-1.0 mm/sec). Spectral analysis determined the multimode and 
single  mode  wavelength  regions,  and  the  cut-off  point  of  the  fabricated  waveguides. 
Measurements of cut-off wavelengths of the waveguides for different writing powers and scan 
speeds confirm the existence of optimum writing conditions for maximum refractive index 
changes of these waveguides. Changes in cut-off wavelengths of the waveguides with applied 
uniform electric fields across the substrate indicate that electro-optic response decreases with 
increasing writing wavelengths. This experimental observation was verified by measuring the 
mode-widths,  mode-depths,  and  refractive-index  contrasts  of  the  waveguides  at  various 
applied voltages. Direct measurements of the unclamped electro-optic coefficients (r33) of the 
waveguides  written  with different  wavelengths  were also performed by an interferometric 
method. It was observed that the r33 coefficient is maximum (31 pm/V) for 275 nm writing 
wavelengths, whereas it is reduced to 14pm/volts for waveguides written with 305 nm writing 
wavelength. These interferometric measurements have not taken into account the piezoelectric 
contribution [18] to the phase change of a beam passing through the electro-optic crystal. 
Nevertheless,  this  gives  a  quantitative  comparison  of  the  electro-optic  coefficients  for 
different waveguides with four different writing wavelengths. 
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Abstract:  Annealing  of  micro-structured  lithium  niobate  substrates  at 
temperatures close to, but below the melting point, allows surface tension to 
reshape  preferentially  melted  surface  zones  of  the  crystal.  The  reshaped 
surface re-crystallizes upon cooling to form a single crystal again as it is 
seeded  by  the  bulk  which  remains  solid  throughout  the  process.  This 
procedure yields ultra-smooth single crystal superstructures suitable for the 
fabrication of photonic micro-components with low scattering loss. 
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1. Introduction 
Dense integration of optical waveguide circuits requires large dielectric contrast between the 
waveguide core and the cladding material which is typically achieved by fabricating devices 
which consist of super-structures (e.g. ridge waveguides and whispering gallery mode (WGM) 
resonators) where the optical confinement is high due to the high refractive index contrast 
between the optical material and the surrounding air. However, one of the sources of optical 
power loss and performance degradation in such photonic structures is surface imperfections 
such  as  residual  surface  roughness  which  introduces  scattering  loss.  These  fabrication 
imperfections can be corrected by thermal treatment i.e. using laser annealing methods to 
locally melt the surface allowing for the surface tension to reshape the relevant structure to 
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usually exhibit very low scattering loss and hence high Q factors [1,2]. 
Although such a method can be applied to glass, which is an amorphous material, without 
undue problems it is rather different if applied to single crystal materials mainly because the 
single crystal properties are not generally preserved after the melting and cooling cycles [3]. 
Light  propagating  in  such  a  poly-crystalline  material  will  experience  scattering  at  the 
boundaries between adjacent crystallites introducing significant optical loss. Furthermore the 
macroscopic physical and optical properties of the single crystal will be compromised due to 
the random orientation of the crystallites hence such a material will not be suitable for electro-
optic and non-linear optical applications. 
Here  we  present  a  method  for  the  surface  reshaping  of  micro-structured  crystalline 
substrates  which  can  produce  smooth  surfaces  while  maintaining  the  useful  crystalline 
properties of the original material. The method is based on the observation that annealing of a 
crystal at temperatures close to, but lower than, the melting point induces preferential melting 
of a surface layer [4]. Upon cooling the melted surface layer re-crystallizes, seeded by the 
bulk that remains solid during the process, and is reshaped by the surface tension to form 
ultra-smooth  single  crystal  superstructures.  In  order  to  demonstrate  the  potential  of  this 
method  for  the  fabrication  of  photonic  structures  we  have  applied  it  to  surface  micro-
structured lithium niobate, a nonlinear optical ferroelectric crystal which is widely used in the 
photonics industry. 
2. Experiments and results 
The melting temperature for congruently melting lithium niobate crystals is 1257°C (provided 
by  Crystal  technology,  Inc.)  and  the  Curie  temperature  which  marks  the  ferroelectric  to 
paraelectric  phase  transition  is  1142°C,  however  this  value  does  depend  on  the  exact 
composition of the crystal and changes substantially with the lithium content. 
 
Fig. 1. SEM images of the micro-structured lithium niobate crystal surface (45° tilted) a) after 
deep etching of a 2D lattice of inverted ferroelectric domains and b) after thermal treatment. 
We have prepared a micro-structured z-cut crystal surface by HF etching of a ferroelectric 
domain-engineered substrate [5]. The micro-structured crystal surface, which is shown in the 
scanning  electron  microscopy  (SEM)  image  of  Fig.  1a,  consists  of  a  2D  array  of  micro-
pyramids which exhibit a rough side surface and a sharp tip. The initial ferroelectric domain 
inverted lattice in this particular sample consisted of an array of circularly shaped + z polar 
surfaces  and  was  achieved  by  UV  laser  induced  poling  inhibition  [6].  A  +  z  face  is  not 
affected  by  the  HF  acid,  however  as  the  pillar  structure  develops  due  to  the  preferential 
etching of the crystal surface that surrounds the circular + z domains, the revealed side surface 
of the pillars is now subject to sideways etching along the three y-directions of the crystal. 
Hence, after prolonged etching the pole-inhibited domain etches away to produce a single 
point (as observed in Fig. 1a). The sideways etching is also responsible for the conical shape 
of  the  features  which  are  shown  in  Fig.  1a.  The  sample  was  then  subjected  to  thermal 
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to suppress lithium out-diffusion. The temperature was ramped up at a rate of 5 degrees per 
minute and after the required dwell time it was ramped down also at a rate of 5 degrees per 
minute. The surface topography after annealing is shown in the SEM image of Fig. 1b. It is 
obvious that all the sharp features have been smoothed out as the micro-structures have been 
reshaped by the surface tension. 
These surface tension reshaped structures can be defined, to some extent, by the initial 
shape of the crystal microstructure. Figure 2a shows a lithium niobate microstructured pillar 
with an undercut top section as a result of HF etching of an isolated surface domain produced 
by inhibition of poling [6]. After thermal annealing for 50 hrs at 1120°C the pillar is reshaped 
by the surface tension to form a quasi-oblate spheroid structure as shown in Fig. 2b. Such a 
structure  is  suitable  for  supporting  WGMs  while  the  smooth  side  surface  guarantees  low 
scattering loss. Its small dimensions can reduce dramatically the number of supported WGMs 
and  increase  the  device  free  spectral  range.  Both  features  are  beneficial  in  a  number  of 
advanced optical applications such as optical filters and lasers. 
 
Fig. 2. SEM images of a) the initial structure, comprising an undercut, produced by inhibition 
of  poling  followed  by  deep  chemical  etching  using  HF  acid,  b)  corresponding  annealed 
structure showing a quasi-oblate spheroid top. In both images the sample is tilted by 45°. 
Although the range of temperatures that the lithium niobate crystals experienced during 
the thermal treatment were kept below the Curie point and hence well below the melting 
point, it is evident that, at some point during the process, the surface was in the liquid phase in 
both examples shown in Figs. 1b and 2b. However, preferential melting of the surface is 
possible at temperatures lower than the bulk melting temperature, with the thickness of the 
melted zone being a function of the temperature [4]. 
In the cases which were presented so far the temperature was kept just below the Curie 
point. Hence it is expected that the bulk of the processed material is still single crystal and 
ferroelectric throughout the thermal processing, while the surface undergoes melting to the 
liquid phase. However even when the crystal was treated at temperatures higher than the Curie 
temperature  we  found  that  there  is  always  a  substantially  deep  layer  of  the  crystal  that 
maintains  a  single  polarization  state.  Although  similar  observations  have  been  made  in 
thermally-treated LiTaO3 crystals at temperatures exceeding the Curie temperature [7], we are 
not aware of any such reports on  LiNbO3. Such prolonged thermal treatment can lead to 
lithium  out-diffusion  which  may  be  substantial  and  which  consequently  leads  to  domain 
inversion on the + z face of the crystal. As a result a uniform domain-inverted layer is formed 
with a depth which depends on the duration of the thermal treatment. We have observed that 
in extreme cases where a crystal slab is annealed at temperatures exceeding the Curie point 
the depth of the domain-inverted layer can reach half the slab thickness. Interestingly though 
both of the two sections of the slab remain single domain. 
Etching  in  HF  acid  is  routinely  used  to  reveal  the  presence  of  inverted  ferroelectric 
domains in lithium niobate as the two opposite z faces of the crystal etch at different rates 
(actually the + z face remains totally unaffected by the acid) [8]. However, differential etching 
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face can reveal the domain structure of a multi-domain lithium niobate crystal because, as has 
been shown in [9], domain inversion corresponds to a 180° rotation of the z axis around the x 
axis  of  the  crystal.  Consequently  the  y  axis  is  also  rotated  by  180°  and  hence  opposite 
ferroelectric domains present opposite y-faces on the same y surface. 
The etched y-face of the crystal slab which was annealed at a temperature exceeding the 
Curie temperature is shown in the SEM image of Fig. 3 where the two single domain regions 
are clearly visible due to the differential etching of the opposite y-faces which are presented 
on the same y-surface as indicated in the figure. The top edge of the image corresponds to the 
original -z face of the sample while the bottom edge corresponds to the original + z face 
which has now been domain-inverted, as a consequence of thermal annealing, to form a -z 
face. Consequently, after annealing the crystal presents a -z face on both z-surfaces. 
 
Fig. 3. Etching of the y-face of a z-cut crystal slab annealed at T = 1200°C (above the Curie 
temperature) for 10 hrs revealing the ferroelectric domain structure. 
In order to assess the quality of the crystal after the thermal process the annealed crystal 
surface  was  investigated  using  piezoresponse  force  microscopy  (PFM)  [10],  Raman 
spectroscopy and finally chemical etching. 
A series of small area PFM scans was performed on various locations of the annealed 
microstructured substrate. All PFM images obtained in these scans showed the very same 
uniform  grey-level,  and  thus  the  same  piezoresponse,  indicating  that  the  melted  and  re-
solidified surface is single domain and piezoelectric. In order to quantify the piezoresponse 
obtained on the annealed substrate, we performed a comparative measurement on an untreated 
multi-domain single crystal (PPLN). We could thereby show, that the amplitude of the PFM 
signal measured on the microstructured substrate is identical to the one on the -z – face of the 
untreated sample. In addition, we also observed strong surface charging on the re-solidified 
material  [11].  Based  on  those  evidences  we  concluded  that  the  annealed  microstructured 
substrate is both single crystal and ferroelectric. Micro-Raman spectroscopy and chemical 
etching corroborated the PFM results. 
A set of spatially-selective Raman spectra has been acquired from different positions on 
the annealed  micro-structured substrate shown  in  Fig. 1b. The micro-Raman spectrometer 
which was used to acquire the spectra employed a × 50 microscope objective to both focus the 
probe laser beam and collect the Raman signal. The depth resolution of the system is limited 
by the depth of focus of the objective which is less than 1 µm. 
Figure 4 shows a set of Raman spectra which were acquired from a single reshaped tip. 
These Raman spectra were taken at different focusing conditions and can be compared to a 
reference spectrum (solid line) taken from an unstructured and untreated z-cut substrate in the 
z(yy)z configuration [12]. The dashed line spectrum corresponds to a well-focused acquisition 
from a spot on the summit of a single tip, while the dotted line corresponds to a slightly 
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between two adjacent tips (focused acquisition). 
 
Fig. 4. Raman spectra acquired from different points on the annealed microstructured sample 
shown in Fig. 1b and with different focusing conditions as indicated in the legend. The solid 
line  corresponds  to  a  spectrum  that  was  taken  from  a  virgin  z-cut  sample  in  the  z(yy)z 
configuration. An offset was introduced between spectra for clarity. 
The acquisition of spectra under different focusing conditions was performed in order to 
collect signals from the surface layers of the structure, which had experienced melting, in 
order  to  detect  any  possible  structural  changes  after  the  process.  However,  there  was  no 
obvious difference between these spectra (dashed line and dotted line in Fig. 4). 
Further observation of the spectra reveals that some Raman lines corresponding to the 
reshaped tips appear to be shifted with respect to the corresponding peaks in the reference 
spectrum (the 582 cm
−1 peak in particular) while others (like the 432 cm
−1 and 873 cm
−1 
peaks)  exhibit  a  relative  intensity  change  as  compared  to  the  reference  spectrum.  Raman 
spectra of crystalline materials however are subject to selection rules which depend on the 
specifics of the crystal face and polarization mode of the exciting beam and the detection 
channel.  Since  the  annealed  structure  is  curved  it  does  not  present  a  pure  z-face  to  the 
direction of incidence of the interrogating laser beam the entrance/exit faces are in general 
different compared to the reference z-cut substrate. Additionally, the curved interfaces can 
alter the polarization state of both the exciting beam and of the collected signal. These factors 
which  influence  both  the  position  and  intensity  of  the  Raman  peaks  are  likely  to  be 
responsible for the differences which are observed between the various Raman spectra taken 
from the reshaped surface and the reference spectrum taken from the pure z-cut crystal. 
The  lateral  differential  etching  between  opposite  y-faces  was  used  earlier  for  the 
visualization of the ferroelectric domain structure of the crystal. However, as a consequence 
of  the  threefold  symmetry  of  the  lithium  niobate  crystal  structure  there  are  three 
indistinguishable pairs of y-faces corresponding to three y-axes which are rotated by 120° 
with respect to each other. This threefold symmetry can be readily identified in the x-y cross-
section of etched isolated inverted domains. Here we have used HF acid etching to look for 
this characteristic threefold symmetry on the re-solidified crystal features in order to assess 
the quality of the thermally treated crystal. 
Figure 5a shows an SEM image of a smoothed feature as a result of the surface tension 
reshaping  that  took  place  during  the  annealing  process.  After  brief  etching  in  HF  acid 
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revealing the characteristic threefold symmetry of lithium niobate as shown in the SEM image 
of Fig. 5b. 
 
Fig. 5. a) SEM image of a surface tension reshaped feature, b) SEM image of a feature briefly 
etched in HF showing characteristic y-face differential etching as indicated by the arrows. 
3. Conclusions 
In summary, we have demonstrated a method for achieving ultra-smooth single crystal lithium 
niobate structures. The method is based on selective surface melting at temperatures below the 
Curie  point,  followed  by  seeded  re-crystallization.  The  single  crystal  nature  of  the  re-
crystallized surface layer was confirmed experimentally by piezoresponse force microscopy, 
Raman  scattering  and  chemical  etching.  Elimination  of  the  residual  surface  roughness 
promises a significant reduction of the propagation losses in any micro-structured photonic 
structure  such  as  ridge  waveguides,  ring  waveguide  resonators  and  lasers  enabling  the 
miniaturization of photonic circuits without sacrificing the device performance. Hence, the 
method  is  expected  to  increase  dramatically  the  optical  performance  of  LiNbO3-based 
crystalline  waveguide  structures,  1-D  and  2-D  surface  relief  gratings  and  WGM  micro-
resonators. We further anticipate that this method could also be extended to other crystalline 
materials. 
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Continuous wave ultraviolet laser irradiation at =244 nm on the +z face of undoped and MgO
doped congruent lithium niobate single crystals has been observed to inhibit ferroelectric domain
inversion. The inhibition occurs directly beneath the illuminated regions, in a depth greater than
100 nm during subsequent electric ﬁeld poling of the crystal. Domain inhibition was conﬁrmed by
both differential domain etching and piezoresponse force microscopy. This effect allows the
formation of arbitrarily shaped domains in lithium niobate and forms the basis of a high spatial
resolution microstructuring approach when followed by chemical etching. © 2008 American
Institute of Physics. DOI: 10.1063/1.2884185
Domain engineering
1,2 of lithium niobate LN is a sub-
ject of extensive research and a simple, cheap, and robust
method of fabrication of well-deﬁned periodic domain-
inverted structures on submicron scales is highly desirable.
Spatial domain engineering is used for many optical pro-
cesses in bulk crystals and waveguides and can also allow
for the creation of both freestanding
3 and surface relief
structures
4 through the differential etching characteristics of
the polar z faces of the crystal. If achievable on the submi-
cron scale, surface structuring through differential etching
will allow the implementation of a range of interesting ap-
plications such as tunable photonic crystals, ridge waveguide
lasers, and multifunctional micromachines.
Previous work has shown that ultraviolet UV and vis-
ible laser light can either directly invert
5 or assist the domain
inversion process in LN.
6–9 In this paper, however, a differ-
ent effect is presented whereby illumination of the +z face
with UV light at =244 nm with photon energy greater than
the LN band gap inhibits domain inversion in illuminated
areas during subsequent electric ﬁeld poling EFP. Of major
importance, the inhibited domains are not restricted in their
shape or alignment with the crystal x or y axes, hence, arbi-
trarily shaped domains can be formed. Some initial results of
this effect and its applicability in the creation of micro/nano
structures in LN are presented.
A beam from a frequency-doubled Ar-ion laser was fo-
cused to a spot size of 2.5 m on the +z or −z face of
either an undoped congruent or 5 mol % MgO-doped LN
crystal. Positioning and exposure control of the crystal was
achieved by a computer-controlled, three-axis stage system
coupled with a mechanical shutter.
For dynamic exposures, sets of parallel lines were drawn
on the z faces of the crystals along the crystallographic x or
y directions by moving the stages at speeds ranging from
0.05 to 0.3 mm s−1. For static exposures, arrays of illumi-
nated spots with identical exposure times, ranging from a
few milliseconds to a few tens of seconds, were formed. The
separation between the edges of adjacent illuminated spots in
the arrays varied from 0 to 6 m which permitted us to
verify if any proximity effect existed such as that observed in
pulsed laser direct poling
5 where the closest approach ob-
served there was of order 2 m, irrespective of illuminated
pattern resolution. For both types of exposures, the power
was varied between 20–28 mW.
A two-beam interference scheme that allowed the forma-
tion of periodic structures over larger areas of the crystal via
single exposures was also investigated. The incident interfer-
ence fringe pattern had a period of 700 nm and extended
over an area of around 2000 m2. As with previous experi-
ments, several different exposure times, ranging from tens of
milliseconds to tens of seconds, and a range of incident pow-
ers were tried.
Each set of illumination conditions was duplicated for
both +z and −z face illuminations, to allow a direct compari-
son of the resultant effects on each of these polar faces. The
samples were then poled using the EFP setup described in
Ref. 6. The voltage was ramped at 2 kV/min to a value of
10.1 kV, corresponding to an electric ﬁeld of 20.2 kV/mm
across the 0.5 mm thick sample. This value of the applied
electric ﬁeld ensures that domain inversion occurs slowly,
which is desirable since the kinetics of the domain wall mo-
tion is seen to inﬂuence greatly the shape and quality of the
resultant structures.
Etching of the poled crystal in aqueous HF acid solution
then allows visualization of the formed domain structures
through the different etch rates of the two z faces.
10 Piezore-
sponse force microscopy
11 PFM was also used to verify the
domain nature of these structures. Lastly, the samples were
imaged with a scanning electron microscope SEM.
Figures 1 and 2 show SEM images of the structures pro-
duced by illumination of the single focussed UV beam on the
+z face followed by EFP and etching. The images show
smooth, continuous unetched sections which correspond to
the UV illuminated area of the surface. The etched back-
ground is the newly domain inverted area which presents a
−z face to the acid and hence etches. Further observation of
the SEM images shows that the edges of the structures are
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of the illuminating beam.
Interestingly, exposures on the −z face, done for the pur-
pose of comparison, were not seen to inhibit domain inver-
sion. On the contrary, domain inversion was seen to initiate
in the illuminated regions and was then followed by domain
propagation through the crystal in a random and disorderly
fashion. Hence, all the results discussed in this letter corre-
spond to +z face illuminations that result in domain
inhibition.
Arrays of dots, such as the ones shown in Fig. 1a,
which are produced by static exposures, can have arbitrary
dot separations and no interaction between dots was ob-
served even when the separation between them was less than
one micron, Fig 1b. When illuminated areas overlapped,
the regions of inhibited domain inversion merged. This can
be seen on the left hand side of Fig. 1a, where stage back-
lash distorted the array by reducing the dot spacing. Addi-
tional UV exposure of a speciﬁc area was not observed to
produce any further effect. This can be seen in Fig. 2a
where a cross-hatched pattern is shown as a result of sequen-
tial line scans along the x and y crystallographic axes. A
higher magniﬁcation SEM image that shows the quality of
the overlapped exposure is shown in Fig. 2b. The sample
was tilted by 45° during the SEM scan which allows the
observation of the quality of the sidewall of the poling inhib-
ited domain. The SEM images shown in Fig. 2 were obtained
after prolonged etching 39 h. As a result, high aspect ratio
structures were produced underlining the potential of this
method for surface microstructuring.
The potential of this technique to form precisely posi-
tioned structures without proximity restrictions demonstrates
the practicality of this technique in the implementation of
devices such as couplers, y junctions, ring microresonators,
and photonic crystals. The width of the area over which in-
hibition occurs is seen to be dependent upon both the inci-
dent power and the dwell time/scanning velocity of the beam
with larger domains formed with longer dwell or lower scan
speeds. This functionality reiterates the capability of this
technique.
The quality of the poling inhibited regions was observed
to be dependant upon the domain wall kinetics during the
EFP step. It was seen that when the wall movement was
smooth and reasonably slow, the inhibition process produced
continuous domains. In congruent crystals when the wall
movement can be fast, expanding in a “jerky” manner,
1,12 the
poling inhibited regions appeared fragmented or did not exist
at all in areas corresponding to fast domain wall motion. In
the MgO doped crystals where EFP is known to be
slower
13,14 and smoother, the inhibited domains appeared to
be smooth and continuous everywhere.
In order to investigate the stability of the inhibited do-
mains the crystal was thermally annealed for 1 h at 215 °C
after the EFP step of the process. SEM investigation of the
HF etched annealed crystal showed that the poling inhibited
domains survived the brief annealing process without any
signiﬁcant change apart perhaps from the fact that after an-
nealing there seems to be a slight improvement on the qual-
ity of the edges.
The domain orientation of the inhibited domains was
further investigated by PFM which conﬁrmed the observa-
tions deduced from chemical etching. Figure 3 shows a PFM
image of an area of the crystal that carries a set of static spot
illuminations and has also been partially poled only a frac-
tion of the area was domain inverted. Full contrast is asso-
ciated with opposite ferroelectric domains where a +z face
appears white left section of the image while a −z face
appears black right larger section of the image. The dots
which appear white in a black background of the PFM image
correspond to the UV exposed areas which have maintained
their original domain orientation +z while the surrounding
area has been inverted −z and appears black. The depth
sensitivity of the PFM is 100 nm Ref. 15 which gives the
lower limit to the depth of the inhibited domains. Prelimi-
nary investigations of the etched y face indicated that the
depth of the domain inhibited area was in the range of
0.5–1 m, however a systematic investigation will be pre-
sented in a future communication.
Interferometric exposures were at much lower laser in-
tensity than single beam exposures due to the larger spot
size. Exposure of the −z face, followed by brief etching in
HF, resulted in no topographical contrast. Exposure of the +z
face followed by bulk EFP and etching produced a periodic
relief structure which is shown in the SEM image of Fig. 4.
FIG. 1. a SEM image of a poling inhibited dot array. Scale bar 20 m. b
SEM image of two closely spaced poling inhibited dots.
FIG. 2. a SEM image of poling inhibited hatched lines after 39 h of HF
etching. Sample tilt 45°. b High magniﬁcation SEM image of a crossing
point in a.
FIG. 3. PFM image of poling inhibited dot array. White=+z face,
black=−z face as indicated. White area to left of image is an unpoled bulk
domain.
FIG. 4. SEM image of +z face after interferometric exposure, EFP and brief
etching.
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the ones produced at higher intensity. We believe that the
surface relief pattern shown in Fig. 4 as revealed by chemical
etching is a single domain structure which has originated
from a periodic poling inhibited structure. Due to the low
intensities used in this experiment the initial poling inhibited
areas are expected to be very narrow and shallow hence eas-
ily removed by the acid via side etching. However, by using
higher UV laser intensities it should be possible to obtain
deeper periodic domain structures at the highly desired sub-
micron scale.
We believe that the inhibition of the domain reversal is
due to redistributed charges under the crystal surface which
increases the coercive ﬁeld locally. UV illumination leads to
photoexcitation of charges and heating of the crystal.
16 A
pyroelectric ﬁeld is formed which drives electrons into the
bulk of the crystal and holes toward the surface, producing a
short range dipolar electric ﬁeld distribution, which increases
the coercive ﬁeld locally. When a domain nucleates on the −z
face and propagates toward +z face, inversion will not occur
in this region where the coercive ﬁeld is increased and do-
main propagation will be impeded, leaving a +z surface do-
main island on a −z background. This mechanism has some
similarities to that described by Dierolf and Sandmann
7 for
confocal light-assisted poling. However, in our case the driv-
ing ﬁeld for the electrons is created by local heating of the
crystal and not an external voltage and is opposite in direc-
tion to that of Dierolf and Sandmann,
7 leading to domain
inhibition rather than domain inversion. Also, the mechanism
we describe is latent and does not require application of the
external ﬁeld during illumination as in their case.
As a method of surface structuring UV poling inhibition
followed by etching is simple, inexpensive, and ﬂexible to
implement. The shape/size and the quality of the fabricated
structures is determined by the incident exposure conditions,
in combination with the subsequent EFP parameters and the
annealing steps, respectively. Additionally, as the crystallo-
graphic symmetry is not observed to impose limitations on
the orientations of the created structures, any desired shapes
can be achieved. Also the single domain nature of these
structures provides the necessary requirement for implemen-
tation of efﬁcient nonlinear, piezoelectric, and other domain-
orientation-sensitive devices.
In conclusion, exposure of the +z surface of congruent
LN single crystals via UV laser radiation at =244 nm is
shown to inhibit domain inversion locally during subsequent
EFP and, hence, results in the creation of UV illumination
controlled two-dimensional surface structures. Domain inhi-
bition was further veriﬁed by PFM and differential wet etch-
ing. UV light-induced poling inhibition is attributed to the
redistribution of photoexcited charges in the electric ﬁeld
created when the laser heats the crystal, thus, producing a
space-charge ﬁeld which repels the propagating bulk do-
mains during the subsequent EFP step. Finally, this effect, in
conjunction with wet etching, was demonstrated to provide
an easy alternative method for fabricating useful domain and
surface relief structures.
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Given that a ferroelectric domain is generally a three dimensional entity, the determination of its
area as well as its depth is mandatory for full characterization. Piezoresponse force microscopy
PFM is known for its ability to map the lateral dimensions of ferroelectric domains with high
accuracy. However, no depth proﬁle information has been readily available so far. Here, we have
used ferroelectric domains of known depth proﬁle to determine the dependence of the PFM response
on the depth of the domain, and thus effectively the depth resolution of PFM detection. © 2009
American Institute of Physics. DOI: 10.1063/1.3126490
During the past decade piezoresponse force microscopy
PFM has become a standard tool for the investigation of
ferroelectric domains.
1,2 This is mainly because of its ease of
use no speciﬁc sample preparation combined with its capa-
bility for imaging ferroelectric domains with high lateral
resolution of 20 nm.
3 Furthermore, PFM is not limited to
speciﬁc crystallographic orientations of the sample, and
hence ferroelectric domains can be visualized with PFM on
all faces of the crystal.
4 Being an all-purpose analytical tool,
and therefore advantageous with respect to many other
relevant techniques used for the investigation of ferroelectric
domains,
5 it is often ignored that PFM produces two-
dimensional maps only of the domain patterns. The question
that arises is: up to what depth below the surface is PFM
sensitive? While some earlier attempts at addressing this
problem were performed using thin ﬁlms,
6,7 to date, how-
ever, there are no reports on measurements using single crys-
tals. Such samples are needed therefore as they uniquely al-
low for a deﬁned domain conﬁguration, and thus to
quantitatively determine the depth resolution of PFM.
The goal of the investigations which are presented in this
paper was to obtain a direct correlation between the depth of
a surface domain
8 and the corresponding contrast obtained in
PFM measurements. The ﬁrst challenge was thus to fabricate
a sample with ferroelectric surface domains of known depth.
A method that can produce such domains in lithium niobate
is UV laser-induced inhibition of poling,
9 a brief description
of which is given here for clarity. It was found that irradia-
tion of the +z polar surface of lithium niobate crystals with
UV laser radiation locally increases the coercive ﬁeld.
Hence, a preirradiated area of the crystal surface will main-
tain its original polarity after a subsequent uniform electric
ﬁeld poling step. The depth d0 of those poling inhibited do-
mains is of the order of a few microns, depending on the
speciﬁc UV-writing conditions, such as the illuminating laser
light wavelength and intensity and scan speed used.
10 Lin-
ear ferroelectric domain tracks several millimeters long were
produced by scanning the crystal sample in front of the fo-
cused laser beam.
In order to obtain surface domains of different depth d0
the sample was wedge polished at a shallow angle =5°.
For a domain of d0=3 m depth we thereby obtained a
smooth transition from domain depths of 0–3 m over a
distance of l=d0/sin 35 m. We then brieﬂy etched the
sample in hydroﬂuoric acid HF to enable subsequent scan-
ning electron microscopy SEM imaging. Figure 1 shows a
schematic of the cross sections of the wedge polished
sample. In some cases a damaged region is observed in the
center of the poling inhibited stripe. This is a consequence of
the Gaussian proﬁle of the irradiating UV laser beam where
the high intensity portion of the laser beam can lead to lo-
calized melting of the surface. The melted region is then
rapidly quenched producing a polycrystalline or amorphous
layer with no net piezoelectric response.
PFM utilizes a scanning force microscope operated in
contact mode with an additional voltage applied to the tip.
The imaging of ferroelectric domains with PFM is based on
the fact that ferroelectricity implies piezoelectricity, hence
mapping the piezoelectric response of the crystal directly re-
ﬂects its domain structure. To allow sensitive readout of the
piezomechanical deformation of the material, an alternating
voltage U sin t is applied to the tip and lock-in detection is
used for the measurements. A more detailed description of
PFM can be found in Refs. 1, 4, 11, and 12.
For the experiments we used a stand-alone scanning
force microscope SMENA, NT-MDT, Russia. Diamond-
coated tips with a nominal radius of 50–70 nm DCP11, NT-
MDT were utilized. The voltage applied to the tip 5V rms
aElectronic mail: johann@physik.uni-bonn.de.
z
z
damaged
region
front view side view
d0 
z
z
FIG. 1. Illustration of the cross sections of the sample used in the experi-
ments. A lithium niobate crystal with a stripe surface domain depth d0 is
wedge polished at an angle . At the center of the domain the crystal is
damaged due to high laser irradiation during the fabrication process.
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Figure 2 shows an SEM image of a wedge-polished
sample with two surface domains. In the right part of the
image, the damaged region in the center of the domains is
clearly visible. Furthermore, a bright halo around the do-
mains can be observed. This feature is attributed to the im-
perfect boundary between the pole-inhibited domain and the
surrounding bulk domain. Because the sample has been
wedge-polished, thus gradually thinning the surface domain,
the latter appears as a composite of nanodomains at its thin-
nest region, as shown in the schematic in Fig. 3a. To verify
this argument we recorded high-resolution PFM images at
the tail end of a wedge-polished pole-inhibited domain
Fig. 3b. Obviously the ferroelectric surface domain in this
portion is no longer solid but a composite of many
nanodomains.
Figure 4 shows the results from the scanning probe
microscopy measurements of the whole wedge polished
area, where topography a and piezoresponse b of the
sample were recorded simultaneously. To reveal the
topography of the HF-etched sample, the slope of the wedge
has been subtracted from the image by data processing.
The shape of the ferroelectric domain is the same as
in Fig. 2. Its maximum depth was determined to be
d0=l sin =35.6 msin 5°=3.1 m. Compared with the
topography a the PFM image in b shows some distinct
features of the surface domain. For clarity a schematic of the
PFM image is depicted in Fig. 4c. Four areas showing dif-
ferent amplitudes in the PFM image are identiﬁed as follows:
A the stripe associated with the central damaged region,
B the area with a solid surface domain, corresponding to a
+z-face, C the part where isolated nanodomains prevail,
and D the surrounding area where the full PFM signal for
the opposite orientation −z-face is detected.
In order to determine the depth resolution of PFM
measurements the dependence of the PFM contrast on the
depth d of the surface domain must be investigated. We
therefore took scan-lines along the ferroelectric domain im-
aged in Fig. 4b. Figure 5 shows two scan lines where one
passes through the damaged area black •, while the other
does not gray . The letters A, B, C, and D correspond to
the regions identiﬁed in Fig. 4c. Note that the presumably
sharp change in the contrast between area B and C in
Fig. 4b cannot be observed in the slope of the graphs in
Fig. 5. However, these two regions can be distinguished
when comparing the noise: in region C where we observed
the nanodomains Fig. 3 the data points ﬂuctuate much
more. In addition, at the intersection between B and C the
curvature of the graph changes its sign. This again is consis-
tent with our proposition of an uneven transition between the
surface domain and the bulk domain, leading to nanodomain
regions following sample wedge polishing. A theoretical
model should therefore only reﬂect part B of the measured
scan line.
10 µm
FIG. 2. HF-etched wedge-polished sample imaged with scanning electron
microscopy. The dashed line indicates the position of the edge caused by the
wedge polishing.
side view
(a) (b)
z
FIG. 3. Schematic a of the domain conﬁguration at the limits of the pole-
inhibited surface domain. The termination of the domain is not sharp result-
ing in a grainy domain structure as it can be seen in the PFM image b.
Image size is 159 m2.
(b)
(a)
(c)
B C D A
FIG. 4. Topography a and simultaneously recorded piezoresponse b of
the wedge-polished sample shown in Fig. 2. Section c shows a schematic
of the PFM image with four distinct areas marked. A: damaged region, B:
full contrast PFM response corresponding to a +z-face, C: reduced PFM
response, and D: surrounding uniform domain −z-face area. The dashed
lines indicate the position of the edge owing to wedge polishing. For repre-
sentation purposes, the wedge has been subtracted from the topography
image. Image size is 7316 m2.
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FIG. 5. Scan-lines across the PFM image of Fig. 4b, one line passes
through the damaged area black • while the other line does not gray .
The letters indicate the areas shown in Fig. 4c. The curve Sd is the result
of the simulation.
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PFM we calculated the expected depth dependence of PFM
by means of a simpliﬁed model. We therefore approximated
the spherical apex of the tip radius r by a point charge at
the distance r from the sample surface. The resulting piezo-
mechanical deformation was then obtained by integrating all
contributions of the sample within the volume of the crystal
experiencing the electric ﬁeld from the point charge.
3 The
result of our calculation can be seen in Fig. 5 where the
curve Sd reﬂects favorably the measured slope within part
B, as it is expected from the considerations described above.
The visible depth dvis of PFM, i.e., the depth below the crys-
tals surface where the contribution to the PFM signal has
increased to 90% of that observed with bulk domains in a
thick crystal, can be estimated to be dvis1.7 m. Obvi-
ously PFM cannot provide any information about ferroelec-
tric domains at depths d1.7 m. In other words, surface
domains with ddvis cannot be distinguished from bulk do-
mains by PFM.
It would, however, be useful to establish whether this
measurement has a global rather than a material speciﬁc
value. In order to investigate to what extent this result can be
generalized to other ferroelectric materials
13,14 apart from
LiNbO3 we have considered two extreme cases of electro-
static interaction to simulate the interaction between the
PFM tip and the surface: a parallel-plate capacitor conﬁgu-
ration and b the point charge model. For case a, the elec-
tric ﬁeld inside the sample is homogeneous Ez=/,  being
the surface charge density, thus while the ﬁeld distribution
does not depend on the material parameters, the strength of
the ﬁeld, however, is a function of the material. For the sec-
ond case b, where a point charge q is located at a distance
r from the sample surface, the electric ﬁeld Ez inside the
crystal, normal to the sample surface, can be written as
follows:
3
Ezx,y,z =
2q	
1+eff
z + r
x2 + y2 + z + r23/2, 1
whereby 	=z/r and eff=zr and z and r are the di-
electric constants of the material z in z-direction and r
perpendicular to z. As can be seen from Eq. 1, again only
the amplitude of the electric ﬁeld depends on the material
properties but not its spatial distribution. Although the actual
situation of the PFM tip in contact with the surface cannot be
accurately described by either case a or b it is expected
that, by common sense interpolation of the two extreme
cases calculated above, the actual electric ﬁeld inside the
sample is also independent on the material parameters. Con-
sequently, the visible depth for ferroelectric domains in bulk
crystals is dvis1.7 m, irrespective of the material. Al-
though this depth can be considered to be very small in terms
of bulk crystals, this value becomes important when ferro-
electric domain patterns in thin ﬁlms are investigated. Not
only is the thickness of the ﬁlm smaller typically several
100 nm than dvis but also the single crystalline grains are of
the order of 100 nm. PFM images show therefore aver-
ages of several grains lying one above the other, which is
why any quantitative conclusions from PFM measurement
on such ﬁlms is challenging. Note that if a lower lateral
resolution can be tolerated, the visible depth dvis can be in-
creased by using a tip with larger radius r. Unfortunately the
visible depth cannot be increased by applying a higher volt-
age U sin t to the tip as a change in the voltage only
changes the amplitude of the signal but not the shape of the
curve.
In conclusion, we have accomplished a detailed analysis
of the depth resolution of PFM. For the case of lithium nio-
bate we have determined the visible depth to be 1.7 m.
From basic considerations we concluded that this depth is
universal for all bulk crystals, irrespective of the material.
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Determination of Refractive Indices From
the Mode Proﬁles of UV-Written Channel
Waveguides in LiNbO￿-Crystals for
Optimization of Writing Conditions
Pranabendu Ganguly, Collin Lawrence Sones, Yongjun Ying, Hendrik Steigerwald, Karsten Buse,
Elisabeth Soergel, Robert William Eason, and Sakellaris Mailis
Abstract—We report on a method for the simultaneous deter-
mination of refractive index proﬁles and mode indices from the
measured near-ﬁeld intensity proﬁles of optical waveguides. This
methodhasbeenappliedtoUV-writtensingle-modeopticalwaveg-
uidesinLiNbO￿ fortheoptimizationofthewritingconditions.The
resultsforthewaveguideswrittenwithlightofthewavelengths275,
300.3,302,and305nmfordifferentwritingpowersandscanspeeds
reveal that for optimum writing conditions a maximum possible
refractive index change of 0.0026 can be achieved at a value of
632.8 nm transmitting wavelength. The computation process used
in the presented technique may also become useful to extract ab-
solute refractive index values of any slowly varying graded index
waveguide.
Index Terms—LiNbO￿, mode index, near-ﬁeld mode pro-
ﬁle, refractive index proﬁle, single-mode channel waveguides,
UV-written waveguides.
I. INTRODUCTION
L
ITHIUM NIOBATE LiNbO is a versatile optical
material commonly used in photonics because of its high
electro-optic, acousto-optic, and nonlinear-optic coefﬁcients
[1]. Metal ion indiffusion, proton exchange, and ion-im-
plantation are the techniques most widely used to fabricate
waveguides in LiNbO , which are a basic building block
in optical integrated circuits (OICs). UV-writing of optical
waveguides [2], [3] is a recent addition to this list of fabrication
processes for this substrate, and offers a direct writing facility
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that obviates many fabrication steps of the former techniques.
Direct writing of single- and multi-mode graded-index channel
waveguides in congruent LiNbO has been demonstrated
using c.w. laser light at a writing wavelength of 244 nm. The
process has been modeled as a laser-induced thermal diffu-
sion of lithium ions which locally increases the extraordinary
refractive index in LiNbO [4]. Since its inception, the UV
directly written waveguide procedure has held considerable
promise because of its single-step process which is well suited
for complex micro-optical devices such as MOEMS, where
lithography cannot be applied for waveguide fabrication [5].
The mode index and refractive index proﬁles along trans-
verse and depth directions are important characteristics for
all channel waveguides. For most applications, single-mode
waveguides are essential in order to achieve optimized de-
vice performance, and this is ultimately deﬁned in turn by
the generated refractive index proﬁles. The mode index, i.e.,
the effective refractive index of the waveguide mode, and
hence the propagation constant, is an important parameter of
single-mode channel waveguides and is an essential input for
design consideration for several basic components of OICs,
such as directional couplers and Y-junctions. Accurate deter-
mination of refractive index proﬁles and mode indices, as a
function of fabrication parameters, is therefore fundamental for
characterizing waveguide optical properties.
Several methods [6]–[16] have been developed for the mea-
surement of refractive index proﬁles of a channel waveguide. A
widely used technique is proﬁle reconstruction by measuring
the mode indices through a prism coupler in conjunction with
an evaluation using the WKB approximation [6], [7]. For a
precise determination, this method requires a relatively large
number of modes. So the measurement is usually carried out
at a wavelength much shorter than the desired operating wave-
length. Another precise technique has been proposed using
reﬂectivity measurement of an angularly polished substrate
[8]. Even though this measurement can be carried out at the
operating wavelength, this technique is inherently destructive
due to the necessary angular polishing process. Presby and
Marcuse [9] have determined the refractive index proﬁles of
single- and multi-mode silver-ion exchanged glass waveguides
by measuring the reﬂection and transmission coefﬁcients
perpendicular to the waveguide surface. However, because of
some surface damage induced from the UV-writing process
0733-8724/$26.00 © 2009 IEEE
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in LiNbO , this technique cannot be applied in the present
context.
Another direct technique to deduce the index distribution
from optical measurements is the transmitted-beam near-ﬁeld
method, which is based on the measurement of the transmitted
beam intensity near the guide facet, from which electric ﬁeld
intensityandindexdistributioncanthenbecalculated[10].This
methodsadvantageisthatitisnumericallysimple;however,itis
very sensitive to spatial frequency noise. Moreover, the Lapla-
cian operator, involved in the computation process, ampliﬁes
this noise [11]. To reduce the noise a tailored low-pass ﬁlter in
the spatial frequency domain, such as a third-order Butterworth
ﬁlter [12] or a Gaussian ﬁlter [13], must be applied. Using
this technique, however, the mode index, in general, cannot be
determined. As the relative index variations are small, the mode
index required for calculation is approximated by the substrate
refractive index value, thus inducing an underestimation of the
refractive index variation.
A more reﬁned algorithm for the estimation of refractive
index proﬁles has been developed by Caccavale et al. [14],
based on the knowledge of the fabrication process of the
waveguide from which a hypothesis on the analytical form of
the index proﬁle has been made. The electric ﬁeld proﬁle of
the fundamental mode is then calculated by a ﬁnite-difference
scheme, and compared to the measured ﬁeld. The error between
the computed and measured ﬁeld proﬁles is minimized by ad-
justing the refractive index proﬁle parameters. High-frequency
noise is averaged out by this method, and no low-pass ﬁlters
are needed, however the method is very computation intensive
in terms of both elapsed time and memory required. Niko-
laev and Shevchenko [15] have developed a semi-analytical
technique for reconstruction of refractive index proﬁles from
the measured near-ﬁeld patterns. Though this method is ap-
plicable for single-mode graded-index waveguides, it requires
the mode propagation constants measured: 1) at two different
wavelengths within the single-mode operating regime and 2)
at different external media, which is problematical. Recently,
Liu et al. [16] have reconstructed the extraordinary refractive
index proﬁles of single-mode planar waveguides fabricated by
ion implantation into LiNbO using a beam propagation
method and image processing for the purpose. Once again,
however, the process requires m-line spectroscopic data for the
analysis.
In the present work, the mode indices and refractive index
proﬁles are determined simultaneously from the measured
near-ﬁeld intensity proﬁles of UV-written single-mode wave-
guides in LiNbO under different writing conditions. The
process yields accurate values of refractive indices from
the near-ﬁeld proﬁles which have generally been underesti-
mated in the previous works. The theoretical background is
discussed in Section II, and the experimental details of the
waveguide fabrication and mode proﬁle measurement are given
in Section III. The results for waveguides produced under
different writing conditions are discussed in Section IV, from
which it is shown that an optimal writing condition exists for
these waveguides, where the refractive index change and mode
index are maximized.
II. THEORETICAL
The nondestructive method to estimate the refractive index
distribution in a waveguide from its mode ﬁeld intensity proﬁle
employs an inversion of the scalar wave equation. This tech-
nique requires the waveguide to be weakly guiding in which
onlythefundamentalmodeofpropagationisexcited.Itrequires
no previous knowledge of the shape of the refractive index dis-
tribution, and does not require the waveguide to have any kind
of cross-sectional symmetry. To evaluate the index proﬁle from
themodeﬁelddistribution,itisassumedthattherefractiveindex
changeisverysmallcomparedtotherefractiveindexofthesub-
strate.Undertheseassumptions,weobtainthescalarwaveequa-
tion for the fundamental mode [10]
(1)
where and is the normalized
modal intensity, and is the transmitting wave-
length, is the refractive index of the waveguide, and
is the propagation constant of the fundamental mode, and
correspond to lateral and depth dimensions of the waveguide,
the light propagates along the -direction. Equation (1) leads to
the following expression for the refractive index distribution:
(2)
Hence, the UV-induced refractive index change, ,o fa
single-mode waveguide may be expressed as
(3)
where is the substrate refractive index at the transmitting
wavelength. Thus, can be evaluated numerically
from (3) using the lateral and normal near-ﬁeld proﬁles of the
single-mode UV-written waveguides. Note that the substitution
assumes that there is no phase variation
across the measured waveﬁeld. This approximation is quite
valid since the mode ﬁeld intensity is measured at the wave-
guide endface where the phase variation is negligible.
Thesquarerootoftheﬁrsttermwithintheparenthesisof(3)is
called the effective refractive index of the mode or mode index.
In principle, the mode index can be derived using (3) from the
measurementoftheintensityawayfromthechannelwaveguide,
where tends to zero [10]. In practice, however, due to
high-spatial-frequency noise (which is ampliﬁed by the Lapla-
cian operator) on the tails of the mode where the mode ﬁeld is
very small, it is impossible to evaluate the mode index accu-
rately from (3). Since the electric ﬁeld is very small outside the
waveguide, the second term inside the square root in (3) tends
to diverge and introduce errors in the measurement. As the dif-
ference between the mode index and substrate refractive index
is a small quantity, the mode index may be approximated by the
substrate index in (3). This incorporates an error in the abso-
lute values of the induced refractive index change [12]. In this
paper, we have adjusted the mode index value by using an al-
gorithm, so that the minimum value of refractive index change
is zero outside the waveguide boundary. By this process, one
can determine the accurate refractive index change and mode
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index of the single-mode waveguide simultaneously. A similar
approachhasbeenadoptedpreviouslybyChakrabortyetal.[17]
to compute accurate mode proﬁles from one-dimensional effec-
tive refractive index distributions of LiNbO waveguides
and directional couplers by a matrix method.
To reduce noise effects in (3) we have ﬁtted the measured
near-ﬁeld intensity proﬁles of the UV-written waveguides
by Gaussian (lateral proﬁles) and Hermite–Gaussian (depth
proﬁles) distributions before processing. Application of a local
least-squares method to minimize noise in measured intensity
proﬁles is a common practice [11], [18] and these curve ﬁts
are fairly accurate for the intensity proﬁles of the UV-written
waveguides in LiNbO . The requirement of validity of the
scalar-wave equation, namely that the index changes slowly,
holds for all in these waveguides except at the air-sub-
strate interface where the refractive index changes abruptly
. To avoid this problem, we computed the
depth refractive index proﬁle starting from slightly below the
surface where the maximum mode intensity has been measured.
III. EXPERIMENTAL
Direct writing on LiNbO was achieved using a Coherent
Innova Sabre 25/7 argon ion laser that produced continuous
output at 275, 300.3, 302, and 305 nm wavelengths with a
maximum power of 200 mW. The 5-mm-diameter laser beam
was focused by a UV lens (focal length: 40 mm) onto the
crystal surface to a diameter of approximately 4 m at the focal
point. Waveguides were written by scanning the sample via
a computer-controlled 2-D translation stage, along the -axis
on both and faces of the crystal at different laser beam
powers (35–60 mW) and different scan speeds (0.1–1.0 mm/s).
The UV energy ﬂuence used in our writing process varied
from 0.7–12.0 kJ/cm . The congruent LiNbO crystals (Crystal
Technology Inc.) used in our experiment were pre-conditioned
by performing ﬁve poling cycles (one cycle being a forward
and subsequent reverse domain inversion process) before the
writing process. Due to the high optical absorption of LiNbO
at ultraviolet wavelengths, and hence high local temperatures
induced,Liout-and/orside-diffusiontakesplacewhichinduces
an increase in the extraordinary index of refraction [2]. Some of
the waveguides in our experiments, written with higher ﬂuence,
have observable surface damage because of the localized high
temperature causing melting/cracking in the UV-exposed area
of the crystal.
When measuring the mode proﬁles of these waveguides, it is
mostimportantthatthewaveguideend-faceispolishedoptically
ﬂat and that no defects in the substrate are present on or near the
ends of the waveguides. Any defects can induce diffraction of
the mode ﬁeld signal and introduce artefacts in subsequent data
processing. The samples examined here were carefully edge-
polished using a Logitech polishing machine (PM2A) and a
chemo-mechanical colloidal silica polishing suspension (with a
pH 10.5, and particle size of 0.03 m), until no defects were
visible under inspection with an optical microscope.
The mode ﬁeld of the waveguides was measured using the
standard near-ﬁeld measurement setup shown in Fig. 1. The
source used was a He–Ne laser (632.8 nm) at 1-mW power cou-
pled via a 10 objective to a single-mode optical ﬁber, which
Fig. 1. Near-ﬁeld intensity proﬁle measurement setup (M1 & M2—Mirrors,
A—Attenuator,L1—10￿objective,L2—40￿objective,F—Singlemodeﬁber,
WUT—Waveguide under test, C1—Camera, C2—Computer).
was subsequently butt-coupled to one end of the UV-written
waveguide. The length of the channels was 14 mm. The sub-
strate containing the waveguides was mounted on a high preci-
sion 4-axes translation stages in order to achieve the best pos-
sible coupling between the ﬁber and the waveguide. TM wave-
guide modes only could be excited in the UV written LiNbO
waveguidessuggestinganincrementintheextraordinaryrefrac-
tive index only. The output of the waveguide was imaged onto
a CCD camera by means of a 40 microscope objective (with
a numerical aperture of 0.65). Image analysis was performed
usingabeamproﬁlingsoftware(NewportLBP,USB2).Theres-
olution limit of the 40 objective is 0.8 m, using Abbe’s cri-
terion for coherent light from an object [19]. Special care has
been taken to image exactly the end-face and for perpendicular
incidence of the optical beam on the camera, which otherwise
would give rise to signiﬁcant errors in measured mode proﬁles.
Once the mode image of the waveguide was recorded, the nor-
malized intensity proﬁles along horizontal ( -axis) and vertical
directions ( -axis) were generated by the software. The magni-
ﬁcation ofthemodeimagewasmeasuredbyimaging
a graticule, with a spacing period 10 m, in place of the wave-
guidesampleinthesetup.Allmodeproﬁlemeasurementsinthis
work were performed within six months following the writing
process of the waveguides.
IV. RESULTS AND DISCUSSION
A. Refractive Index Proﬁles and Mode Index of the Waveguide
To determine the refractive index proﬁles of the waveguide,
(3) is solved numerically using [10], [12]
(4)
where and are the horizontal and vertical spacing be-
tweenthedatapoints,i.e.,thegridspacingresolution.Here and
are the pixelnumbers. A typical plot of the measured intensity
proﬁle at 632.8 nm wavelength along lateral ( -axis) direction
is shown in Fig. 2. The raw data has been processed to generate
the refractive index proﬁle of the waveguide by assuming that
the mode index is equal to the substrate index (which is equal
to2.202654 at632.8-nm wavelength[20]).Obviouslyproblems
arise, because any calculation of a second derivative (4) is very
sensitive to rapid intensity variations. Hence, a smooth proﬁle
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Fig. 2. Measured lateral intensity proﬁle of a waveguide written with 305 nm
at a writing power of 35 mW and a speed 0.1 mm/s.
Fig.3. Computedrefractiveindexchangefromtherawdataofthelateralmode
proﬁle of Fig. 2, assuming a mode index is equal to the substrate index.
is required for the calculations. Without any curve ﬁtting, a de-
termination of the refractive index seems to be impossible, as
demonstratedinFig.3,whichshowstheindexproﬁlecalculated
from the intensity proﬁle of Fig. 2 by referring to (3). In Fig. 3,
the data for the change of the refractive index of the waveguide
is submerged in the noise because of the random ﬂuctuations
of the modal intensity in the spatial domain. We therefore ﬁtted
the measured intensity proﬁle with a Gaussian distribution and
repeated the computation process thereby getting an index pro-
ﬁle as shown in Fig. 4. It may be noticed from the ﬁgure that
the refractive index changes become negative ( 0.00123) at the
two ends of the proﬁle outside the waveguide boundary, where
it should be nearly zero. This is the result of the assumption that
the mode index is equal to the substrate index, which incorpo-
rates a large error in the absolute refractive index values of a
weakly guiding waveguide where the refractive index change is
a small quantity. We have therefore increased the mode index
value in (3) to get the minimum refractive index change to be
equal to zero outside the waveguide region. The re-
constructed proﬁle is shown in Fig. 5 with the mode index value
2.203894. By this process, we can simultaneously extract the
values of refractive indices and mode index of the waveguide.
The outline of the computation steps is as follows.
1) The measured near-ﬁeld proﬁle is ﬁtted with a Gaussian
distribution.
2) The result of the ﬁt are used to compute the refractive
index proﬁle using (3) by taking the mode index equal
to the substrate index.
Fig. 4. Reconstructed refractive index proﬁle of the waveguide using the ﬁtted
Gaussian distribution of the lateral mode proﬁle of Fig. 2, taking mode index is
equal to substrate index.
Fig. 5. Lateral refractive index proﬁle of the waveguide with mode proﬁle as
in Fig. 2, for mode index ￿￿ ￿￿￿￿￿￿￿.
3) Finally,themodeindexvalueisincreasedtogetthemin-
imumrefractiveindexchangetobeequal tozerooutside
the waveguide region.
It may be mentioned that the computed refractive index data
diverges beyond the edges of the waveguide where the values of
tends to zero.
The same procedure is also followed for the reconstruction
of depth (along the -axis) refractive index proﬁle (Fig. 6). In
this case, the intensity proﬁle is ﬁtted with a Hermite–Gaussian
function because of the asymmetry in the structure. Since at the
air-LiNbO interface the process incorporates an error because
of the abrupt index change, the refractive index proﬁle is com-
puted starting from the peak intensity position of the measured
mode intensity proﬁle, which is 2.24 m below the surface.
The computed maximum refractive indexchanges and mode in-
dices, for the same waveguide using lateral and depth intensity
proﬁles, match within 2.3% and 0.0012%, respectively, which
makes us conﬁdent about the computation process.
B. Refractive Index as a Function of Writing Power
Fig. 7 shows some of the computed results of maximum
refractive index changes and mode indices extracted from
the measured near-ﬁeld intensity proﬁles of the UV-written
single-mode waveguides for different writing powers at each
of the writing wavelengths, 275, 302, and 305 nm. For all
the data the writing speed was 1.0 mm/s. One may notice
from these graphs that an optimum writing power exists for
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Fig. 6. Depth refractive index proﬁle of the waveguide with writing conditions
same as in Fig. 5.
Fig. 7. (a) Computed maximum refractive index changes and (b) mode indices
for waveguides with different writing powers and wavelengths.
each wavelength where the refractive index change and mode
index are maximum. This is quite apparent for the two writing
wavelengths of 275 and 302 nm, where the maxima occur at 45
and 41 mW, respectively. For 305 nm only part of the power
dependence is observed in the investigated power range, where
the indication of the maxima in refractive indices is estimated
at 35-mW writing power.
The main feature of the refractive index power dependence
graphs (Fig. 7) is the existence of a useful writing power range,
where an appreciable maximum refractive index change occurs.
In the lower power limit of this range, the crystal is underex-
posed to the UV radiation, hence a smaller refractive index is
Fig. 8. SEM photo of surface damage of UV-written channel waveguides.
(a) Written at writing wavelength 275 nm and power 55 mW. (b) Written at
writing wavelength 305 nm and power 50 mW, ￿Magniﬁcation ￿￿ ￿ ￿ ￿￿.
observed. However, the fact that the refractive index change de-
creasesinthehigher powerlimitis counter-intuitiveasthemax-
imum refractive index change should continue to increase with
increasinglaserpowerandeventuallysaturatetoacertainvalue.
There must be therefore a mechanism to counter the refractive
index change increase which is caused by the UV irradiation.
A look at the surface topography of the UV-irradiated area
provides a clue about the nature of this counter mechanism that
causes a decrease of the measured refractive index change at
the high power limit. Fig. 8 shows typical scanning electron mi-
croscopy (SEM) images of the UV irradiated crystal surface at
the high power limit for two different wavelengths. These SEM
images show extensive surface damage which is expected to in-
duce a reduction of the maximum refractive index as measured
in our method because this damage is more evident in the layers
which are close to the surface where the refractive index should
be maximum. As a result of the surface layer damage, the op-
tical mode shifts further into the bulk (towards the undamaged
volume), where however the refractive index change is smaller.
The power dependence of the refractive index change which is
shown in Fig. 7 is therefore the result of a tradeoff between un-
derexposure (low power) and surface damage (high power).
UV laser-induced surface damage has been investigated else-
where[21],whichshowsthatitinducesa permanentlocal stress
on the micrometer-scale dimension, which may consequently
decrease the local refractive index of LiNbO to some extent
[22]. Raman analysis of the exposed region also shows some
loss of crystallinity of the material [23], indicating that while
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Fig. 9. (a) Computed maximum refractive index changes and (b) mode indices
for waveguides with different writing speed and wavelength.
LiNbO maysuffersomechangeinchemicalstructureatthesu-
perﬁcial surface layer, it remains largely unchanged in the bulk.
One additional issue concerns the use of longer wavelengths
(300–305 nm) for waveguide writing. This wavelength range is
close to the absorption edge of the crystal where the absorp-
tion length and hence the UV-heated volume, increases which
consequently results in lower local temperatures as compared
to shorter wavelengths, strongly absorbed, laser light. The re-
duction of the local temperature and the temperature gradient
shouldinﬂuencethethermaldiffusionoflithiumionswhichwas
held responsible for direct UV writing of waveguides at shorter
wavelengths (244 nm) [4] resulting at lower maximum refrac-
tive index changes. It is observed however that the maximum
refractive index value which is measured in waveguides written
at both short and long UV wavelengths does not change signiﬁ-
cantly. As the absorption length at wavelengths around 300 nm
is several m it is likely that the direct photorefractive effect
might be also contributing to the formation of optical channel
waveguides at long wavelength writing. At shorter wavelengths
(244nm,275nm)however,temperaturegradient-induceddiffu-
sion of lithium [4] should still remain the dominant mechanism.
C. Refractive Indices for Different Writing Speeds
Fig. 9 shows the variation of maximum refractive index
changes and mode indices for different writing speeds at the
writing wavelengths 300.3, 302, and 305 nm. The data points
are ﬁtted with Gaussian curves. In all cases the writing power
Fig. 10. Maximum refractive index change versus scan speed for ￿￿ and
￿￿ faces of LiNbO (writing power ￿￿ ￿mW, and writing wavelength ￿
￿￿￿ nm).
was 35 mW. Once again an optimal writing speed exists for
inducing a maximum refractive index change, which is approx-
imately 0.75 and 0.3 mm/s for 305 and 302 nm wavelengths,
respectively. At 300.3 nm, only a part of the distributions has
been determined. Both the variations of maximum refractive
index change and of mode index with writing speed follow the
same trend.
From all the refractive index data, it seems that the maximum
refractive index change for any writing condition is limited by
the surface damage along the waveguide, and its maximum
possible value is about 0.0026 at the guiding wavelength of
632.8 nm. This corresponds to a mode index value of 2.2048.
It is not possible to increase the UV-induced refractive index
change indeﬁnitely by increasing the laser ﬂuence and/or
decreasing the writing wavelength (due to the extremely rapid
onset of absorption increase [24]).
We have also determined the refractive index of a waveguide
written at 244 nm with power 45 mW and speed 0.83 mm/s.
This waveguide was written almost two years ago. The com-
putedmaximumrefractiveindexchangeandmodeindexforthis
waveguide are about 0.001297 and 2.203551, respectively.
D. Effects of Crystal Orientation
The optical properties of the UV-written waveguides in
LiNbO also depend on the crystal orientation. All data pro-
vided prior to this section are for face of the crystal.
Waveguides can also be produced by UV-writing on the
face of LiNbO , but in our experiments we found that for
these waveguides the maximum index changes are lower than
those for waveguides written on the face. Fig. 10 shows a
comparison of the maximum refractive index change induced at
different scan speeds for the two -faces of congruent LiNbO .
The writing power was 35 mW, and the writing wavelength was
305 nm.
V. CONCLUSION
The simultaneous determination of refractive index change
and mode index of UV-written waveguides in LiNbO from
the measured near-ﬁeld intensity distribution is reported.
Waveguides are written with UV-wavelengths of 275, 300.3,
302, and 305 nm for various powers and scan speeds. To avoid
high-spatial-frequency noise we have ﬁtted the lateral mode
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proﬁles with Gaussian distributions, and the depth proﬁle with
Hermite–Gaussian distributions before further processing. For
accurate determination of absolute refractive index values,
the mode index is adjusted to equate the minimal refractive
index change outside the waveguide region to zero. Although
a decrease of the refractive index from its substrate value at
the waveguide edges has been predicted because of thermal
inter-diffusion of Li-ions within the crystal [3], it is relatively
small ( 2%), and can be neglected compared to the maximum
refractive index change of the waveguide. The variation of
maximum refractive index changes and mode indices of these
waveguides with different writing conditions (laser power,
speed, wavelength, and crystal face) have been studied. These
indicate that for optimum writing conditions a maximum pos-
sible refractive index change of 0.0026 can be achieved at
632.8-nm probe wavelength. The process may also be useful
to determine absolute refractive index values as well as mode
indices of other graded-index waveguides such as Ti-indiffused
and annealed proton exchanged lithium niobate.
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Abstract We propose a rapid prototyping method for the
fabrication of optical waveguides based on the direct laser-
printing method of ultrafast Laser-Induced Forward Trans-
fer (LIFT) followed by further processing. The method
was implemented for the fabrication of titanium in-diffused
lithium niobate channel waveguides and X-couplers by
LIFT-depositing titanium metal followed by diffusion. Prop-
agation loss as low as 0.8 dB/cm was measured in prelimi-
nary experiments.
1 Introduction
A popular method for the fabrication of optical waveguide
circuits in materials such as lithium niobate (LN) is by spa-
tially selective deposition of titanium metal followed by
thermal diffusion. This fabrication method is ideally com-
patible with current wafer-scale parallel techniques used by
the microelectronicsindustry, such as photolithographicpat-
terning and lift-off, which is of course excellent for mass
production of devices.
However, these parallel techniques are somewhat inﬂexi-
ble in the device development stage where a fast production
turnover of fundamentally different devices is required for
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conceptual testing. This creates a niche for simple prototyp-
ing production methods which are ﬂexible enough to allow
for rapid fabrication of good quality devices, particularly at
the experimental one-off level.
LIFT is a rapid prototyping method which was ﬁrst pro-
posed by Bohandy et al. [1] and has since been utilized for
the deposition of a variety of metals, semiconductors, su-
perconductors, dielectrics, and biomaterials on a wide range
of substrates [2–5]. The simple, non-stringent laboratory-
environment based operational conditions for LIFT together
with its single-step pattern-deﬁnition and material-transfer
abilityoffersomesigniﬁcantexperimentaladvantagesinher-
ently available by its usage. Additionally, this approach has
some unique capabilities such as patterning of non-planar
substrates [6], 3-d printing or stacking of dissimilar materi-
als [7], and even the possibility of transfer of single-crystal
materials with desired orientations. However, the pulsed na-
ture and the quality of LIFT deposition are inhibiting factors
for the direct deposition of superior quality waveguide lay-
ers.
In this paper, we propose the use of LIFT for the spa-
tially selective deposition of materials onto optical sub-
strates which can produce optical waveguides by further
processing, e.g. thermal diffusion. Such a method will com-
bine the ﬂexibility of direct waveguide writing methods,
which are suitable for rapid prototyping, with the large re-
fractive index, longevity, and low propagation loss which is
associated with conventional waveguide fabrication meth-
ods such as metal diffusion.
The use of a pulsed deposition method such as LIFT al-
lows for further control over the optical waveguide structure
by enabling the fabrication of higher refractive index seg-
ments the spatial distribution of which determines the aver-
age refractive index along the optical waveguide. By vary-
ing the spatial distribution of the segments (i.e. the separa-C.L. Sones et al.
tion between adjacent segments), it is possible to change the
average refractive index along the optical waveguide. The
impact of the segmentation on the waveguide propagation is
demonstrated in some of the experimental results which are
presented here.
Other advantages of this method include the ability to de-
posit more than one material or composite materials during
a single deposition session and also the deposition of dif-
fusion sources on non-planar (for example already micro-
structured) surfaces for the fabrication of rib waveguides
which is challenging for conventional photolithographic
methods.
Herein, we present our preliminary, proof-of-principle,
results which demonstrate the feasibility of using a LIFT
based material printing methodology in conjunction with
high temperature post-processing for rapid prototyping of
Ti-indiffused waveguides in LN [8, 9]. LN has a distinctive
combination of inherent physical properties and is used in a
diverserangeofapplications[10]andhasconsequentlybeen
the work-horse of the optoelectronics industry for switching
applications and nonlinear frequency generation.
2 Experiments and results
The ﬁrst step for the fabrication of channel optical wave-
guides in LN requires the spatially selective deposition of
titanium metal onto LN substrates using ultrafast LIFT. The
carrier-donor-substrate complex rests on a set of 2D transla-
tion stage and can be scanned with respect to the focussed or
de-magniﬁed incident beam. As illustrated in the schematic
shown in Fig. 1, the transfer of the donor material (in this
case Ti) onto the substrate, referred to as the receiver, is
achieved on a pixel-by-pixel basis by scanning the donor-
receiver assembly in front of a focussed pulsed laser source,
resulting in a dot-matrix-like printing of individual donor-
material pixels that are detached from the carrier and printed
on the receiver. In the case for Ti printing here, melting of
the donor occurs and a molten droplet is ejected onto the re-
ceiver. The dimension of the deposited droplet is similar to
the dimensions of the incident laser spot. The melting and
super-heating of the metal vapour trapped between the car-
rier and the donor ﬁlm provides the required driving force to
forward transfer the rest of the donor material, within the in-
teraction volume, onto the receiver substrate. The laser sys-
tem used to transfer the Ti-metal deposits was a fs laser op-
erating at 800 nm, with a pulse duration of 130 fs and a rep-
etition rate that could be tuned from single shot to 1 kHz. It
is however, the high repetition rate of this laser source rather
than the pulse width that made it suitable for the demonstra-
tion of this rapid prototyping method. The titanium donor
ﬁlm with a thickness of ∼150 nm had been previously de-
posited onto a transparent (borosilicate glass) carrier sub-
strate via e-beam evaporation.
Fig. 1 Schematic of the LIFT deposition process. The car-
rier-donor-substrate complex rests on a set of 2D translation stage and
can be scanned with respect to the focussed or de-magniﬁed incident
beam
Ti-metal line patterns were printed on the −z faces of
congruent undoped z-cut LN samples along the crystallo-
graphic y-directions. Several linear arrays of Ti metal pixels
were deposited using different conditions for the intensity
(or ﬂuence) of the incident laser pulse and the separation
between the centre of adjacent pixels which could be con-
trolled by adjusting either the laser repetition rate or the scan
speed.The separationofthecentresofadjacentpixelsvaried
from 5 µm (overlapping) to 20 µm (completely separated)
while the laser ﬂuence at the carrier/donor interface was in
the range of 0.4–1.2 J/cm2.
The deposited metal pixels were approximately circu-
lar in shape and had a diameter of ∼10–15 µm. The holes
which were created by missing metal on the carrier substrate
(which correspond to the illuminatingspot size) matched the
size of the deposited metal dots as expected for deposits of
this size. The distance between the donor-carrier composite
and the receiver was maintained at less than 1 µm.
These variations of the writing parameters were aimed
at identifying the optimum conditions for LIFT of Ti-metal
onto the LN substrates under the reasonable assumption that
there is a direct relationship between the metal deposition
characteristics and the ﬁnal optical waveguide mode proﬁles
following the in-diffusion step. The metal line-patterns were
successively in-diffused into the LN substrates by heating
the LN substrates to a temperature of 1050°C in an O2 envi-
ronment for 10 hours.
A typical example of the deposited linear arrays of ti-
tanium pixels is shown in the optical microscope image of
Fig. 2(a). The separation of the adjacent metal deposits in
Fig. 2(a) has been varied from a slight overlap (top line)
to complete separation (bottom line) by changing the scan-
ning speed. The same area of the sample after the diffu-
sion process is shown in the optical microscope image ofLaser-induced-forward-transfer: a rapid prototyping tool for fabrication of photonic devices
Fig. 2 (a) Optical microscope
image of linear pixelated
titanium LIFT-deposits at
different separations. (b)T h e
same surface of the sample after
diffusion has taken place
Fig. 2(b). The outline of the deposited metal is still visi-
ble after diffusion due to the presence of TiO2 residue on
the surface of the sample. Note that the TiO2 residue is
not the same for all deposited lines. The top line showed
signiﬁcantly less residue possibly because the overlap be-
tween adjacent deposited metal pixels resulted in a partial
re-ablation process for each subsequent laser pulse which
removed metal from the sample surface thus reducing the
available diffusion source.
The in-diffused LN substrates were subsequently edge-
polished perpendicular to the titanium lines to enable char-
acterization of the optical waveguides produced. For this
purpose, laser radiation was coupled through one of the
end-polished edges using a microscope objective into the
waveguides and the near-ﬁeld mode proﬁle was monitored
by imaging the opposite polished end of the waveguide onto
a CCD camera.
The main feature of the optical waveguides which were
fabricated by LIFT deposition is that the refractive index
change along the length of the waveguide is not regular and
continuous: there is a local refractive index increase within
the volume where titanium metal has been diffused. Hence,
the refractive index proﬁle along the channel waveguide
should reﬂect, to some extent, the titanium deposition pat-
tern.
The separation of the adjacent pixels or segments should
in principle deﬁne the average refractive index value along
the waveguide. Hence, different separations should result
in different waveguide conﬁnement characteristics, and
therebydifferentmodesizes.Thiswasveriﬁedbytheoptical
mode proﬁle characterization results. The mode proﬁles for
two distinct waveguides which correspond to different sep-
aration of the titanium segments are shown in Fig. 3.B o t h
waveguides were single moded at the probe wavelength of
1.532 µm however, as shown in Fig. 3, the mode size of the
waveguides varies signiﬁcantly.
These waveguides were fabricated by scanning the sam-
ple at rates of 9 mm/sec and 19 mm/sec which corresponds
to segment separation of 9 µm (and hence a slight overlap)
and 19 µm (full separation), respectively (the laser repeti-
tion rate was 1 kHz in this experiment). Hence, the aver-
age refractive index change for the more closely spaced de-
positions, results in tighter conﬁnement as observed in the
Fig. 3 Near-ﬁeld waveguide mode proﬁles (at 1.532 µm) of
LIFT/diffusedsegmentedTi:LNwaveguidescorrespondingtodifferent
segment separation; (a) overlapped segments, (b) separated segments
mode proﬁle shown in Fig. 3(a) while the less dense de-
position results in a much larger waveguide mode proﬁle
s h o w ni nF i g .3(b). In the case of waveguides with a partial
overlap between successively deposited adjacent segments,
any possible re-ablation of the deposited Ti-metal segments
would reduce the total amount of the deposited metal in the
overlapping area. However, our experimental results suggest
that, for the range of overlaps used, it is the segment separa-
tion that predominantly determines the mode proﬁle of the
resulting waveguide, hence if any re-ablation does occur, it
has negligible effect on the guiding conditions.
It was mentioned in the previous paragraph that there
should be some correlation between the refractive index pro-
ﬁle along the channel waveguide and the titanium deposi-
tion pattern. In reality, the diffusion process will distribute
titanium over an area which is (for Ti in LN) roughly 10%
larger than the deposited pixel area and this process will
smooth out any sharp features contained in the original de-
posited metal spot. As a result, the diffused proﬁle will be
much smoother than the deposited pattern which is beneﬁ-
cial to the waveguide performance because the elimination
of sharp features is expected to keep the scattering losses of
the waveguides at low level.
The optical loss of the waveguides was estimated by
two different methods which were (i) cut-back and (ii)
Fabry–Perot. Cut-back [11], which involves repetitive mea-
surement of throughput for progressively shorter channel
lengths, is clearly a destructive, time consuming method,C.L. Sones et al.
Fig. 4 Near-ﬁeld mode proﬁles
(at 633 nm) of three different
waveguides fabricated with
different segment separation by
changing the deposition
scanning speed as indicated in
the ﬁgure
and is therefore of limited utility for measurement of
waveguide loss. The second method relies on the forma-
tion of a low ﬁnesse Fabry–Perot cavity between opposite
end faces of the waveguide. The contrast of the fringes of
this optical cavity gives an estimate of the upper limit of the
optical loss [12].
Both methods conﬁrmed that large segment separations
resultedinincreasedopticallossmainlyduetopoorconﬁne-
ment of the light inside the waveguide. The lowest propaga-
tion loss of ∼0.8d B /cm (for TM modes in the telecommu-
nication wavelength range) was measured for waveguides
written with a segment separation of 11 µm. For waveguides
having larger segment separations of ≥13 µm, the mea-
sured loss was much higher (∼7d B /cm) due to optical leak-
age of the guided wave to the substrate. However, even for
these preliminary attempts, with deposition quality being far
from optimal, a loss measurement as low as ∼0.8d B /cm
measured for some of the waveguides is very encourag-
ing, further conﬁrming the potential of this method for
rapidprototypingofgoodqualityopticalwaveguidedevices.
Typical loss values reported in literature for Ti-indiffused
waveguides are of order ∼0.1d B /cm.
In order to evaluate the effective refractive index as a
function of the fabrication conditions, it is necessary to fab-
ricate single mode waveguideswith different mode sizes. By
monitoring the waveguide mode proﬁle, it is possible to cal-
culate the mode index of the waveguide [13]. We chose to
fabricate the waveguides to be single moded at the wave-
length of 633 nm in order to beneﬁt from the measuring ac-
curacy of our optical beam proﬁler (which has a silicon de-
tector that is not sensitive to telecom wavelengths). The tita-
nium donor layer used for the LIFT depositions was 150 nm
thick, the laser repetition rate was 250 Hz and the laser ﬂu-
ence was in the range of 0.4 to 0.8 J/cm2 while the segment
separation varied between 8 µm and 16 µm.
Once again by varying the writing speed, it was possible
to control the waveguide mode proﬁle. Figure 4 shows three
different mode proﬁles which correspond to different seg-
ment separation as a result of different scanning speeds dur-
ing deposition. As can be seen in Fig. 4, the mode changed
from single to higher order by just changing the scanning
speed from 3.25 mm/s e ct o2m m /sec, which corresponds
to segment separations of 13 µm and 8 µm, respectively
(at 250 Hz laser repetition rate). This result reiterates the
Fig. 5 Calculated effective refractive indices of single mode
waveguides as a function of segment separation. These effective in-
dices correspond to TM modes
versatility of LIFT in the creation of waveguides with pre-
designed modal proﬁles.
The intensity proﬁles of the single mode waveguides (at
633 nm) which were fabricated using the conditions de-
scribed in the previous section were used for the calcu-
lation of the effective mode proﬁles of the corresponding
waveguides using the method which is described in [13].
A plot of the calculated effective mode indices (for TM
modes) as a function of the segment separation is shown in
Fig. 5. For segment separations longer than 16 µm, there
was no conﬁnement of light (cut-off) while for separation
less than 11 µm the waveguides become multi-moded.
However, it seems that there is a good scope for manipu-
lation of the effective mode index within the segment sepa-
ration range that corresponds to single mode waveguides as
shown in Fig. 5.
As expected the effective mode index decreases with in-
creasing segment separation, as the average refractive index
along the waveguide decreases, until cut-off is reached for a
separation of 16 µm.
One of the advantages of using a method such as
the one described here is the possibility of changing the
waveguide propagation characteristics along the length of
the waveguide by simply manipulating the segment separa-
tion along the length. However, with our current setup, itLaser-induced-forward-transfer: a rapid prototyping tool for fabrication of photonic devices
Fig. 6 Schematic of an
X-coupler
Fig. 7 Near-ﬁeld intensity
proﬁles of the X-coupler output
was not possible to demonstrate this capability during these
initial experiments.
In order to demonstrate the device fabrication functional-
ity of our rapid prototyping method, we chose to fabricate an
X-coupler which consists of two straight waveguide chan-
nels crossing each other at a speciﬁc angle [14].
The waveguides that constitute the X-coupler, a schema-
tic of which is shown in Fig. 6, were fabricated by LIFT
depositing titanium metal with an incident laser ﬂuence of
1J /cm2 at a writing speed of 2.5 mm/s which, for a laser
repetition rate of 250 Hz, corresponds to segment separation
of 10 µm. The angle between the two crossing waveguides
was kept at a small value (2°) to maximize their overlap.
The coupling ratio was measured at telecom wavelengths
(1.55 µm) by coupling light into one of the channels and
measuring the power output of each channel on the opposite
edge. The coupling ratio (for TM modes) was measured to
be ∼0.2.
The output edge of the X-coupler was imaged onto an
infrared camera and the images are shown in Fig. 7.F i g -
ures 7(a) and (b) show the device output when launch-
ing light into waveguide A (Fig. 7(a)) and waveguide B
(Fig. 7(b)), respectively, as indicated in the mode images.
Note that the mode proﬁles of A and B are not identical in-
dicating an asymmetry in the fabrication of the constituent
waveguides. This asymmetry was conﬁrmed by investiga-
tion of the waveguides under an optical microscope and was
attributed to a slight accidental misalignment of the LIFT
apparatus during the deposition process.
3 Conclusions
We have proposed a method for the rapid prototyping of
optical waveguide devices which is based on LIFT deposi-
tion followed by post processing and have demonstrated the
utility of the method by fabricating good quality titanium
in-diffused segmented channel waveguides and X-couplers
in ferroelectric LN crystals. The preliminary results are en-
couraging and opens up a route for exploitation of this fabri-
cationprocessnotonlyasarapidprototypingtoolbutalsoas
a waveguide fabrication method to assist in situations where
the waveguide propagation constant should change along
the waveguide length, repair, or trim existing waveguides
by co-doping, deposit overlayers for ﬁne trimming of the
waveguide mode, etc. Additionally, the inherent capability
ofthemethodtoproducesegmentedwaveguidescanbeused
for the fabrication of long period gratings or even for quasi-
phasematchingofnon-linearprocesses in waveguidesby pe-
riodic variation of the propagation constant.
Other possibilities include the single-step multi-layer
donor deposition process to produce, rare-earth (e.g. Er,
Yb, and Nd) doped waveguide structures for optical am-
pliﬁers and lasers, and ﬁnally the selective deposition and
subsequent waveguide fabrication on non-planar or micro-
structured surfaces which is normally challenging or impos-
sible by conventional methods.
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Abstract
Short-term exposure of the +z face of LiNbO3 crystals to focused UV laser light leads to persis-
tent inhibition of ferroelectric domain reversal at the irradiated area, a phenomenon referred to as
”poling inhibition.” Diﬀerent types of crystals (stoichiometric, congruent or Mg-doped ones) are
exposed, creating the so-called ”latent state” and domain growth during subsequent electric-ﬁeld
poling is visualized. The latent state is robust against thermal annealing up to 250 ◦C and uniform
illumination. With the tip of a scanning force microscope the coercive ﬁeld is mapped, showing not
only the expected resistance against domain reversal in the UV-irradiated region, but also easier
poling adjacent to the UV-irradiated section. These results and theoretical estimates point to the
following mechanism of poling inhibition: the UV light-induced heating results in a local dip of
the lithium concentration, via thermodiﬀusion. The required charge compensation is provided by
UV-excited free electrons/holes. After cooling, the lithium ions become immobile, and the reduced
lithium concentration causes a strong local increase of the coercive ﬁeld in the exposed area, while
the increased Li concentration next to this area reduces the coercive ﬁeld.
PACS numbers: 77.80.Dj; 77.84.Ek; 68.37.Ps
1I. INTRODUCTION
Ferroelectric lithium niobate (LiNbO3) is a promising material for photonics because of
the ease of fabrication, robustness, and excellent acousto-optic, non-linear, electro-optic, and
photorefractive properties.1,2 Plenty of advanced applications of this crystalline material
can be realized employing specially engineered domain structures. The most prominent
example is frequency conversion using quasi-phase matching in periodically poled crystals.3
Sub-µm-sized domain structures have been used for switching and deﬂecting light,4,5 and
the record highest-density data storage realized on the basis of nm-sized domains.6 Domain
patterns in lithium niobate allow also the creation of photonic micro-components via domain-
selective deep etching.7 Based on this procedure, photonic crystals,8 ridge-waveguides,9 and
whispering gallery mode resonators10 have been fabricated.
Fabrication of the desired domain structures in lithium niobate is therefore a demand-
ing issue. Domain reversal can indeed be achieved by application of an electric ﬁeld that
exceeds the coercive ﬁeld Ec. However, the value of Ec is sensitive to the composition of
the crystal.11–14 In particular, it was found that the coercive ﬁeld in nearly stoichiometric
crystals (SLN) is roughly one order of magnitude smaller compared to that in the usual con-
gruent lithium niobate (CLN), which is characterized by a Li deﬁciency of about 4mol%.
The Li content has therefore a strong impact on the value of Ec.
The lateral dimensions of ferroelectric domains intended for optical applications are in
the range 0.1 to 40 µm. As for the domain depth, several tens of µm are necessary for
bulk applications, whereas a few µm may be suﬃcient for waveguide implementations. In
addition, most optical applications require large, up to mm2-sized, domain patterns. The
techniques known for domain patterning still have serious diﬃculties in fulﬁllment of these
requirements. The most common technique is electric ﬁeld poling (EFP) using structured
electrodes.15 The minimal domain size is limited here to several µm because of sideways
spreading during the growth.16,17 Auxiliary UV illumination18–21 and the use of elevated
temperatures22,23 during the EFP procedure give incremental improvements in the domain
quality but do not solve this fundamental problem.
A further issue when utilizing lithium niobate for, e.g., second harmonic generation ap-
plications is the so-called ”optical damage”. The use of congruent lithium niobate doped
with magnesium (MgCLN) eﬀectively removes this problem.24 A serious drawback of Mg-
2CLN is, however, its poling behavior: sideways domain spreading is even stronger in this
material compared to that in CLN, thereby further hindering the fabrication of small-sized
bulk domain patterns.
Recently, a new method for domain structuring in lithium niobate – poling inhibition –
has been proposed.25 To achieve poling inhibition (PI), the +z face of a crystal is irradiated
with a tightly focused, strongly absorbed UV laser beam. The irradiated locations maintain
their polarization during subsequent EFP, indicating that the local coercive ﬁeld has been
signiﬁcantly increased. Both the lateral width and the depth of the domains generated is on
a µm scale.26 The PI eﬀect was found to be versatile: arbitrary shaped domain structures
(dots, lines, circular features, etc.) can be reliably recorded on the +z face.
It is evident that the crystal properties are strongly altered in the UV-irradiated areas,
and this changed state of the crystal – referred to as latent state – is the cornerstone of the
PI phenomenon. The latent state was found to be very stable under ambient conditions –
no eﬀect of the time interval between the primary UV irradiation and the subsequent EFP
was observed. The aim of this contribution is to understand the mechanism of formation
and the properties of this latent state.
The latent state can generally be attributed to structural changes – to local changes of
the stoichiometry, of the concentrations of point defects, etc. But it could also be linked to
internal space-charge ﬁelds caused by UV-induced charge separation. This is why special em-
phasis will be given to redistribution of species that become mobile under the experimental
conditions (lithium ions at high temperatures and UV-excited electron/holes).
II. EXPERIMENTAL METHODS AND RESULTS
A. Samples and poling procedure
Our experiments were carried out with four diﬀerent samples of lithium niobate: nomi-
nally undoped congruent – CLN (Crystal Technology, Inc.), 5mol% Mg-doped congruent –
MgCLN (Yamaju Ceramics Co. Ltd.), stoichiometric – SLN (Oxide Corp.), and 1.3mol%
Mg-doped nearly stoichiometric – MgSLN (Oxide Corp.). The crystals were optical-grade
polished; their thickness was 500µm. The coercive ﬁelds of the crystals were Ec ≈ 21kV/mm
(CLN), ≈ 6.5 kV/mm (MgCLN), ≈ 5 kV/mm (SLN), and ≈ 2.5 kV/mm (MgSLN).
3For UV irradiation, we utilized an Ar+-laser operating at 275nm; the room temperature
absorption coeﬃcient α was more than 1 µm−1 for all materials investigated. We estimate
this value from the extrapolation of published data using CLN27,28 and of our own measure-
ments using MgCLN. Note that at higher temperatures, the absorption coeﬃcient increases
strongly.28 The laser beam was focused to a FWHM radius r ≈ 2.5µm, and laser power P
ranged from 20 to 55 mW. This corresponds to a UV intensity I ≈ (1−2.75)×105 W/cm2.
Surface melting was observed at the highest power used. The crystals were mounted on a
computer-controlled 2D translation stage allowing writing of laser tracks of several millime-
ters in length. The typical scanning speed v was about 100 µm/s.
To perform EFP, we used a standard liquid-electrode setup as described in Ref. 21. The
applied ﬁeld was ramped up at 30V/(mms) until the domain inversion process started,
which was determined by monitoring the poling current and observing the stress-induced
birefringence originating from the domain boundaries.29 We then kept the voltage constant
at this level until completion of the poling process. Visualization of the domain patterns
was realized by subsequent etching in hydroﬂuoric acid.
B. Inﬂuence of stoichiometry on poling inhibition
Firstly, we consider the inﬂuence of the stoichiometry on poling inhibition. Each sample
was UV-irradiated at diﬀerent powers (20 to 55mW) and subsequently subjected to EFP,
followed by examination of the domain patterns. For the congruent samples it was found
that PI works well only at P ≈ 35mW. For the stoichiometric samples, PI was observed
only for powers P > 45mW, where already strong thermal damage on the crystal surface is
induced. It is more diﬃcult therefore to achieve the latent state in stoichiometric crystals
compared to congruent ones.
C. Persistence of the latent state
Next, we consider stability of the latent state in the congruent crystals (CLN and MgCLN)
under diﬀerent treatments. Each sample underwent one of three treatments prior to EFP:
annealing at temperature T ≈ 250 ◦C for one hour, annealing at T ≈ 400 ◦C for one hour,
and uniform illumination with weakly absorbed UV light at 334nm for 30min (intensity
4I ≈ 150mW/cm
2). The chosen annealing temperatures correspond to diﬀerent charge-
transport mechanisms: most likely only protons are relevant at T ≈ 250 ◦C, whereas Li ions
become mobile enough at T ≈ 400 ◦C to signiﬁcantly contribute to the ionic conductivity. It
is known also that the photo-conductivity becomes strong in MgCLN upon weakly absorbed
UV irradiation with a wavelength of 334 nm, compared to the initial dark conductivity.30
TABLE I. Experimental results on the eﬀect of intermediate treatments (annealing and illumina-
tion) on poling inhibition.
1h @ 250◦C 1h @ 400◦C 30min @ 334nm
CLN no eﬀect elimination no eﬀect
MgCLN no eﬀect elimination no eﬀect
The inﬂuence of the intermediate treatments on PI can be summarized as follows, see also
Table I: Annealing at 250 ◦C as well as the treatment with weakly absorbed UV light do not
aﬀect the latent state – poling inhibition occurs just as in non-treated samples. However,
the higher-temperature annealing (400 ◦C) eliminates the latent state – poling inhibition
does not occur. This behavior was found to be independent of both the type of crystal used
(CLN or MgCLN) and the UV laser power utilized initially to create the latent state.
D. Mapping of the coercive ﬁeld
Since PI is linked to a local alteration of the coercive ﬁeld Ec, special eﬀorts were made to
examine the spatial distribution of Ec. Visualizing the EFP process allows us to determine
the position where poling starts. Interestingly, we noticed that this always occurs right
beside the laser-irradiated track. This observation makes us believe that the coercive ﬁeld is
lowered near to the PI area, while the PI area itself, of course, exhibits a larger value of Ec. In
order to map even more precisely the spatial distribution of the coercive ﬁeld, we performed
local-poling experiments using a scanning force microscope (SFM).31 We used a MgCLN
crystal where the latent state was inscribed using diﬀerent laser powers. The crystal had
been thinned down by abrading and polishing to a thickness of only 26 µm. Note that the
sample was not subjected to any of the intermediate treatments. We applied +100V to the
tip of a SFM while scanning a 5-µm-high stripe, consisting of 64 scanlines, perpendicularly
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FIG. 1. Piezoresponse force microscope images obtained on MgCLN after locally poling a horizontal
stripe of h = 5 µm height with the scanning force microscope tip. For the generation of the latent
state, vertical laser tracks written with 20mW (a) and 40mW power (c) were used. The zoomed
image (b) shows the generation of nano poling-inhibited domains within the UV laser-irradiated
track. In (d) the formation of nano domains occurs only at the transition region between poled and
poling-inhibited area. In the center of the UV-irradiated track the surface is strongly damaged.
to the laser-irradiated track. Because of the electric-ﬁeld enhancement at the very sharp tip
(radius of ≈ 50nm), such low voltages are suﬃcient for poling. By subsequent piezoresponse
force microscope (PFM) imaging, we were able to map the domain structures generated.
Figure 1 shows PFM images obtained after local poling with the SFM tip across UV-
irradiated tracks, written with diﬀerent laser powers (20 and 40mW). In Fig. 1(a) the result
for the lower power is seen, the laser-irradiated track passing vertically through the center
of the image. Basically, two contrast levels can be distinguished: bright for the unpoled area
and black for the poled area. Poling with the SFM tip was obviously successful within the
full 5-µm-wide stripe, seen as the horizontal black bar. Upon closer inspection (Fig. 1b) it
can be seen that the width of the poled area is slightly larger than h = 5µm, thus sideways
domain growth has occurred. As for the quality of the poling within the UV-irradiated
area, it is found to be imperfect, showing an assembly of nanometer-size features of diﬀerent
contrast indicating local resistance of poling, in eﬀect PI nano-domains. This can be best
seen in the area within the white square, where the image contrast was enhanced by image
processing software.
6For the higher power, P = 40mW, the situation is diﬀerent (Fig. 1c). The image basically
shows three contrast levels: bright and dark for the unpoled and the poled areas, respec-
tively, and in addition a grey level along the UV-irradiated track. Figure 1c shows a clear
broadening of the SFM-poled region in the vicinity of the UV-irradiated track. Although
the SFM-scanned stripe maintained a height of 5µm along the sample, the width of the
actual poled area appeared to be a function of the proximity to the UV-irradiated track. In
the meantime, no contrast change could be observed on the UV-irradiated track, which is an
indication that no poling occurred there. This poling behavior indicates an increase of the
coercive ﬁeld along the UV-irradiated track. Interestingly, this is accompanied by a coercive
ﬁeld reduction in the adjacent region as indicated by the broadening of the SFM-poled stripe
The PFM signature of the PI area, i.e. the greyish area, needs further description. It
can be subdivided in a central part of ≈ 2.5µm width, showing indications of direct UV
laser-induced surface damage, and adjacent 3-µm-wide regions, where the crystal structure
was only marginally aﬀected by the laser irradiation, and a transitory, partially poled region
where nano domains emerged (Fig. 1d). The depth of the UV laser-inﬂicted surface damage
is of the order of 100nm.26 Since the grey level of the PFM image within the UV-irradiated
track is rather bright than black, we conclude that also this area has resisted poling; the
reduced piezoelectric response results from the surface damage.
III. MODELING OF LITHIUM THERMODIFFUSION
Below, we intend to link the increase of the coercive ﬁeld in the latent state to a UV-
induced change of the lithium concentration. Since CLN crystals possess a large lithium
deﬁciency, Li vacancies must be considered ﬁrst as migrating species. These vacancies are
charged and their concentration, N, can roughly be estimated as ∼ 1020 cm−3 in the initial
state.32 What therefore are (i) the sign and (ii) the value of the concentration change δN
in the latent state? These items are our main concern. With δN known, the change of the
absolute Li concentration can obviously be evaluated as δNLi = −δN.
A claim for a perfect agreement between theoretical results and experimental observations
would be unrealistic here because of the complexity of the problem and the uncertainty in
the values of the main material parameters, especially in the high-temperature range. Our
analysis and deductions are therefore a qualitative description of the PI phenomenon plus
7rough estimates.
Determination of the concentration changes generally splits into two problems. First of
all, we need to know the temperature proﬁle T(r,t) during UV exposure. This problem
has been treated theoretically in Ref. 33. The main outcome is that the changes of T are
well-localized (within roughly the beam radius r) and follow adiabatically the UV intensity
distribution for the actual scanning velocity v. Hence, the characteristic time of the tem-
perature changes is t0 = r/v; it can be estimated as t0 ∼ 3 × 10−2s for our experimental
conditions. As for the peak temperature T∗, it is close to the melting point, about 1450K.
Next, we should deal with thermo-activated spatial migration of lithium vacancies. The
necessary large changes of N are possible only under the condition of a strong charge com-
pensation – otherwise huge electrostatic forces would quickly prevent the spatial changes of
N. Free charge carriers (electrons and/or holes) UV-excited via band-to-band transitions
best account for the charge compensation. We assert here that the UV-induced free-carrier
conductivity exceeds the thermo-activated conductivity caused by Li ions, i.e. migration of
lithium vacancies is the bottleneck for the spatial changes of N. The corresponding condition
is therefore
αI
~ω
 τ ≫
eN
kBT∗
DLi(T∗) , (1)
where e is the elementary charge, DLi = D0 exp(−Ea/kBT) is the diﬀusion coeﬃcient for Li
vacancies, and  τ is the mobility-lifetime product for free carriers. Despite a rather large
spread of the literature data on D0 and Ea,34,35 this restriction seems to be safely fulﬁlled
for our experimental conditions.
Importantly, the Maxwell (space-charge ﬁeld) relaxation time tM = ǫǫ0 ~ω/(eαI  τ),
where εε0 is the permittivity, is expected to be much shorter than the heating time t0. This
means that the space-charge ﬁeld Esc driven by the pyro-electric eﬀect is strongly compen-
sated by the free carriers. The value of this ﬁeld can be estimated as |Esc| . (tM/t0)Ps/ǫǫ0 ≪
Ps/ǫǫ0, where Ps is the room-temperature value of the spontaneous polarization of lithium
niobate.
Consider now the sign of the concentration changes. The whole situation is rather un-
usual for diﬀusion phenomena, because the changes are driven by ∇T instead of ∇N. This
means that the usual Fick’s law is not applicable, and we need to link the ﬂux of lithium va-
cancies to the strong temperature gradients. This can be done within the standard hopping
model, where the probability of a hopping event is proportional to the exponential factor
8exp(−Ea/kBT).
FIG. 2. Illustration of the hopping migration of Li ions, driven by a temperature gradient. Since
the temperature T1 at the left energy barrier is larger than the temperature T2 at the right barrier,
the thermally activated probability for the left ion to hop to the empty central position is larger
than that for the right ion. Correspondingly, the vacancies/ions migrate on average to the left/right
yielding the necessary direction of the Li ﬂux.
It is not diﬃcult to verify within this model, see also Fig. 2, that the ﬂux of Li vacancies
is aligned with the temperature gradient and, correspondingly, the ﬂux of Li ions is opposite
to ∇T. This leads to depletion of lithium in the illuminated area. The situation would be
opposite for migrating interstitial ions.
Within the hopping model, the ﬂux of Li ions, JLi, can be evaluated as JLi = −N∇DLi ∝
−∇T. The change of the absolute Li concentration can now be estimated from the continuity
equation ∂δNLi/∂t + ∇JLi = 0, which gives |δNLi|/N ∼ t0 (DLi/w2)(Ea/kBT∗). By setting
Ea = 1.4eV (Ref 35), D0 = 0.1cm2/s (Ref 35), r = 2.5µm, we obtain δNLi/N ∼ 1. The
accuracy of this rough estimate is probably within one order of magnitude. Anyhow, it
shows that the concentration changes during the UV exposure are high enough to provide
a strong poling inhibition. By going into more detail, one can make sure that the UV-
induced reduction of NLi(r) at the beam center is accompanied by a noticeable increase at
the beam periphery. This comes just from the fact that the lithium ions pushed out of the
central region cannot go far away from it. Note that evaporation of lithium through the
surface is neglected in our model as this potentially competitive process is characterized by
a considerably larger activation energy.35
The pyroelectrically driven space-charge ﬁeld Esc(t), which is positive during the cooling
stage and nonzero after this stage, additionally provides a shift of the depletion area to the
9crystal depth and non-equivalence of the +z and −z faces of the crystal. The value of the
shift is controlled by the  τ product which cannot be reliably estimated at T ≈ T∗.
IV. DISCUSSION
To begin with, we consider whether the latent state can be associated with the space-
charge ﬁelds recorded during the UV irradiation, the mechanism of PI that was initially
suggested.25 Our experiments, however, allow us to exclude this hypothesis: During the
annealing at 250 ◦C the hydrogen ions become mobile, and space-charge ﬁelds would be
compensated within a few minutes via the ionic conductivity.36 A similar fast compensation
would occur during the illumination with weakly absorbed UV light which, as is known,
causes a strong photo-conductivity in MgCLN.30 Since poling inhibition is insensitive to
these two intermediate treatments, it cannot be linked to space-charge ﬁelds.
We therefore turn to the explanation of the experimental data on PI by changes of the
lithium concentration. According to the above estimates, these changes can be strong after
the primary UV irradiation.
The absence of any eﬀect of the above-mentioned two of three intermediate treatments
on the latent state now looks understandable – these treatments do not make lithium ions
mobile. However, heating to 400 ◦C is suﬃcient to activate diﬀusion of Li vacancies and
to allow the Li ion concentration to become more evenly distributed during the one-hour
annealing procedure.
The presence of a pronounced depletion of lithium in the latent state is furthermore
sustained by the fact that the UV-irradiated tracks are found to act as channel waveguides.37
From the studies of the mode proﬁles it is possible to evaluate the refractive index changes.38
The latter can be directly linked to the Li depletion39 which can be estimated as 4 mol%.
This number is in reasonable agreement with the results of Section III.
How strong is the impact of the lithium content on the coercive ﬁeld Ec? This can be
assessed from Fig. 3 that is based on literature data.11–14 One sees that the coercive ﬁeld
strongly increases with decreasing lithium concentration, and the rate of this increase can
be evaluated as ≈ 10kV/mm per 1mol%. The UV-induced depletion of lithium can lead to
a strong increase of Ec and, consequently, to poling inhibition.
The data on local poling, represented by Fig. 1, gives further insight into the physical
10FIG. 3. Dependence of the coercive ﬁeld Ec on the degree of stoichiometry of lithium niobate
crystals (lithium concentration: Li/(Li + Nb)). The dots are taken from the literature11–14, and
the dashed line is a linear ﬁt. Note that due to a diﬀerent manufacturer of the SLN or diﬀerent
determination methods of Ec, values for SLN diﬀer from our measured value of 5 kV/mm
mechanism responsible for PI. Two features are worthy of mentioning at the lower UV
power range (20mW): The ﬁrst one is a broadening of the poled (black) area compared to
the scanned one, see Fig. 1b. It is caused by sideways spreading of domains during the
growth; this eﬀect is well known in EFP, and it is even more pronounced when applying the
electric ﬁeld through a sharp tip since the ﬁeld distribution is strongly non-uniform. The
second feature is a slight deterioration of the poling quality within the UV-irradiated area,
which manifests itself in numerous bright spots best seen in Fig. 1b. It can be attributed
to statistically distributed PI nano-domains that emerge in regions where Ec is only slightly
increased when compared to the untreated crystal.
In the case of irradiation with higher UV laser power (40mW) the situation is very
diﬀerent, see Fig. 1c. The poled stripe is interrupted when crossing the laser track area
and no poling occurs here. The transition from the poled to unpoled areas is not abrupt,
it occurs via an intermediate state with a partial poling, see Fig. 1d. This state is similar
to that shown in Fig. 1b, which indicates again a slight increase of Ec. The SFM-poled
horizontal stripe experiences extensive broadening when approaching the vertical laser track.
Obviously, sideways spreading of the domains is facilitated in this region. This can easily
be attributed to the presence of an increase of the lithium concentration at the laser track
periphery, mentioned in Section III: The coercive ﬁeld is lowered in this area facilitating the
sideways spread of the SFM-poled domain area beyond the nominally scanned region.
11V. CONCLUSION
We have investigated, both experimentally and theoretically, the physical mechanism
behind poling inhibition in undoped and Mg-doped lithium niobate crystals. The results
obtained point to the following mechanism of the poling inhibition phenomenon: Strong
local heating of the crystal surface by UV light leads, via thermodiﬀusion of Li vacancies,
to a local reduction of the Li concentration and, correspondingly, to a strong local increase
of the coercive ﬁeld. The necessary charge compensation is provided by UV-excited charge
carriers. The latent state with lowered Li concentration is responsible for the observed poling
inhibition as it implies a local increase of the coercive ﬁeld.
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